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Abstract
A n io n - b e a m  te c h n iq u e  b a s e d  on  th e  n u c le a r  r e a c t io n  d( H e ,p )  He h a s  b e e n  
a p p l ie d  t o  m e a s u r e m e n ts  o f  p o ly m e r  in te r d i f f u s io n .  A d i f f u s e d  b i la y e r  o f  
d e u t e r a t e d  p o ly s ty r e n e  a n d  u n m o d if ie d  p o ly s ty r e n e  is  a n a ly s e d  b y  a  b e a m  o f
3
H e io n s  a n d  a  c o n c e n t r a t i o n - p r o f i l e  o f  d e u te r iu m  is  e x t r a c t e d  b y  a n a ly s i s  
o f  t h e  e n e r g y - s p e c t r u m  o f  t h e  e m i t te d  e n e r g e t i c  p r o to n s .  T h is  te c h n iq u e  
c a n  b e  u s e d  to  m e a s u r e  d i f f u s io n  o v e r  s e v e r a l  m ic r o n s  w i th  a  
d e p t h - r e s o lu t io n  o f  2 0  nm .
R e p ta t io n  h a s  b e e n  c o n f i r m e d  a s  t h e  m e c h a n is m  g o v e r n in g  p o ly m e r  
s e l f - d i f f u s i o n  o v e r  t h e  m o le c u la r  w e ig h t  r a n g e  9 0 ,0 0 0  t o  1 ,8 0 0 ,0 0 0 .  T h e
3
H e -d  m e th o d  h a s  a l s o  b e e n  u s e d  to  s tu d y  m e c h a n is m s  o f  d i f f u s io n  in  
io n o m e r s ,  a  c l a s s  o f  p o ly m e rs  c o n ta in in g  p e n d a n t  io n ic  g r o u p s .  T h e  e f f e c t  
o f  io n ic  c o n c e n t r a t io n  on  d i f f u s io n  sh o w s  t h a t  t h e  c r i t i c a l  c o n c e n t r a t io n  
f o r  t h e  f o r m a t io n  o f  d i f f u s io n - i n h ib i t i n g  io n ic  a g g r e g a t e s  l ie s  in  t h e  
r a n g e  2 .8  -  5  w e ig h t  % o f  io n ic  m a te r i a l .  Io n o m e rs  w i th  c o n c e n t r a t io n s  
b e lo w  t h i s  r a n g e  d i f f u s e  by  r e p t a t i o n  a t  a n  e f f e c t iv e  t e m p e r a t u r e  e q u a l  t o  
t h e  d i f f e r e n c e  b e tw e e n  th e  a n n e a l in g  t e m p e r a t u r e  a n d  t h e  g l a s s - t r a n s i t i o n  
t e m p e r a t u r e .
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Chapter 1: Introduction
1.1 P o l y m e r  s y s t e m s
R e c e n t  y e a r s  h a v e  s e e n  a n  e x p lo s iv e  p r o l i f e r a t i o n  in  t h e  a p p l i c a t i o n s  o f  
p o ly m e r s  a s  e n g in e e r in g  m a te r i a l s .  T h e  v e r s a t i l i t y  o f  p o ly m e r  m a t e r i a l s  
h a s  b e e n  t h e  c h i e f  r e a s o n  f o r  t h e i r  p o p u la r i ty  a m o n g s t  e n g in e e r s ,  w i th  t h e  
v o lu m e  o f  p o ly m e r s  u s e d  in  t h e  W e s te rn  e c o n o m y  o u t s t r i p p i n g  t h a t  o f  
m e ta l s .  P o ly m e r s  c a n  b e  f a s h io n e d  to  b e  r i g id  o r  f l e x i b l e ,  o p a q u e  o r  c l e a r  
a n d  e l e c t r i c a l l y - i n s u l a t i n g  o r  c o n d u c tin g .  T h e y  h a v e  u s e f u l  r a n g e s  o f  
d e f  o r m a b i l i ty  a n d  d u r a b i l i t y  in  a  v a r i e ty  o f  e n v i r o n m e n ts  a n d  
t e m p e r a t u r e s .
A t t h e  c o r e  o f  d e s ig n in g  a  p o ly m e r  f o r  a  s p e c i f ic  a p p l i c a t io n  m u s t  l i e  a  
k n o w le d g e  o f  h o w  t h e  s t r u c t u r e  o f  a  p o ly m e r  a f f e c t s  t h e  p r o p e r t i e s  s u c h  a s  
th o s e  l i s t e d  a b o v e . T h e  l a s t  d e c a d e  h a s  w i tn e s s e d  r e m a r k a b le  a d v a n c e s  in  
e s t a b l i s h in g  m o le c u le  s t r u c t u r e - p r o p e r t y  r e l a t i o n s h i p s  in  p o ly m e r ic  
s y s t e m s .  T h is  t h e s i s  i s  c o n c e r n e d  w i th  t h e  c u r r e n t  c h a l le n g e  o f  s t r u c t u r e -  
p r o c e s s a b i l i t y  r e l a t i o n s h i p s .
P o ly m e r s  a r e  lo n g  c h a in - l ik e  m o le c u le s  f  o rm e d  b y  c h e m ic a l ly  l in k in g  
t o g e t h e r  s m a l l  m o le c u le s  k n o w n  a s  m o n o m e rs . T h e  f i n a l  m o le c u la r  
a r c h i t e c t u r e  c a n  b e  l in e a r ,  b r a n c h e d ,  c y c l ic  o r  s t a r - s h a p e d ,  d e p e n d in g  o n  
t h e  c h e m is t r y  o f  p o ly m e r is a t io n .  T h e  c h a in  c a n  a l s o  h a v e  p e n d a n t  
s id e - g r o u p s .  A bove a  c r i t i c a l  m o le c u la r  w e ig h t ,  t h e  p o ly m e r  c h a in s  c a n  
i n t e r p e n e t r a t e  t o  f o r m  a n  e n ta n g le d  n e tw o r k ,  g iv in g  th e  p o ly m e r  in c r e a s e d  
s t r u c t u r a l  s t a b i l i t y .  T h e  a p p l ic a t io n  o f  h e a t  o r  o f  a  s h e a r  f o r c e  c a n
2
n e v e r th e le s s  in d u c e  i r r e v e r s i b l e  f lo w  o f  c h a in s  p a s t  e a c h  o th e r .  S u ch  
p o ly m e r s  a r e  r e f  e r r e d  to  a s  " th e r m o p la s t ic s " .
A n o th e r  c l a s s  o f  p o ly m e r  e x i s t s ,  k n o w n  a s  " th e r m o s e ts " ,  in  w h ic h  th e  
m o le c u la r  a r c h i t e c t u r e  in v o lv e s  c h e m ic a l  l in k s  b e tw e e n  p o ly m e r  c h a in s ,  
r e s u l t i n g  in  a  n e tw o r k .  T h e  i n t e r - c h a i n  l in k s  o f  a  t h e r m o s e t  p r e s e n t  
c e r t a i n  a d v a n ta g e s  t o  t h e  e n g in e e r  in  t h e  f o r m  o f  im p ro v e d  p r o p e r t i e s .  
S p e c i f i c a l ly ,  a  t h e r m o s e t  w i l l  s t a n d  a  g r e a t e r  r a n g e  o f  t e m p e r a t u r e  a n d  
lo a d  t h a n  a  th e r m o p la s t i c ;  in  o r d e r  t o  p ro d u c e  i r r e v e r s i b l e  f lo w , t h e  
c h e m ic a l  l in k s  o f  a  t h e r m o s e t  h a v e  t o  b e  b ro k e n . H o w e v e r , t h e  e x t r e m e  
c o n d i t io n s  r e q u i r e d  t o  p r o d u c e  t h i s  d i s r u p t io n  c a u s e  t h e  m a t e r i a l  to  
d e g r a d e  r a t h e r  t h a n  m e l t ,  su c h  t h a t  a n  in h e r e n t  c o m p lic a t io n  in  t h e  u s e  o f  
th e r m o s e t s  i s  t h e  f a c t  t h a t  th e y  c a n n o t  b e  r e c y c le d .
I t  w o u ld  b e  h ig h ly  d e s i r a b le ,  t h e r e f o r e ,  t o  d e v e lo p  p o ly m e r ic  m a t e r i a l s  
w h ic h  a t  o n c e  e x h i b i t  t h e  s t r u c t u r a l  p r o p e r t i e s  o f  t h e r m o s e t s  w h i l s t  
r e t a i n i n g  t h e  p r o c e s s a b i l i t y  o f  t h e r m o p la s t i c s .  T h is  t h e s i s  i s  c o n c e r n e d  
w i th  e l u c id a t in g  t h e  s t r u c t u r e  o f  a n  e x c i t i n g  n e w  c l a s s  o f  p o ly m e r  -  
" io n o m e rs "  -  w h ic h  r e s e a r c h  t o  d a t e  h a s  sh o w n  to  b e  a  s t r o n g  c a n d id a te  f o r  
t h i s  r o le .  I o n o m e rs  c o n ta in  i n t e r - c h a i n  l in k s  t h a t  a r e  e l e c t r o s t a t i c  in  
n a t u r e  a n d  w h ic h  e m u la te  c h e m ic a l  c r o s s - l i n k s  b u t  a r e  th e r m a l ly  la b i le ,  
a l lo w in g  r e p r o c e s s in g  o f  t h e  p o ly m e r  w i th o u t  d e g r a d a t io n .
1.1.1 I o n o m e r s
I o n o m e rs  a r e  a  c l a s s  o f  p o ly m e r  c o n s is t in g  o f  a  c a r b o n  b a c k b o n e  w i th
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p e n d a n t  a c id  g r o u p s  r a n d o m ly  d i s t r i b u t e d  a lo n g  t h e  c h a in ,  t h e s e  g r o u p s
h a v in g  b e e n  n e u t r a l i s e d  t o  f o r m  s a l t s .  T h e y  h a v e  f o u n d  a p p l i c a t io n s  in  
a r e a s  a s  d iv e r s e  a s  t h e r m o p la s t i c  e l a s to m e r s ,  p e r m s e le c t iv e  m e m b r a n e s  a n d  
m ic r o e n c a p s u la t io n  m e m b ra n e s .  Io n o m e r  s y n th e s is  c a n  b e  a c h ie v e d  in  tw o
w a y s :  F i r s t l y ,  b y  c o p o ly m e r is a t io n  o f  a  lo w  le v e l  o f  f  u n c t io n a l i s e d
m o n o m e r  a n d ,  s e c o n d ly ,  b y  d i r e c t  f u n c t i o n a l i s a t i o n  o f  a  p r e f o r m e d  p o ly m e r .  
T h e  r e s u l t a n t  a c id  i s  th e n  n e u t r a l i s e d  p a r t i a l l y  o r  f u l ly  w i th  a n  
a p p r o p r i a t e  b a s e  t o  f o r m  a  s a l t  w h ic h  i s  t h e  f i n a l  f o r m  o f  t h e  io n o m e r . 
T h e  c o n c e n t r a t i o n  o f  a c id  g r o u p s  i s  u s u a l ly  no  g r e a t e r  t h a n  1 p e r  10 
b a c k b o n e  c a r b o n  a to m s .  S u c h  m o d if ie d  t h e r m o p la s t i c s  d o  in d e e d  e x h i b i t  
s u p e r io r  c h e m ic a l  r e s i s t a n c e ,  m o d u lu s  a n d  c r e e p  r e s i s t a n c e  [K in se y , 1969].
D e s p i te  a  c o n s id e r a b l e  r e s e a r c h  e f f o r t  t h e r e  is  s t i l l  a  la c k  o f  g e n e r a l  
a g r e e m e n t  a b o u t  t h e  s t r u c t u r e  o f  io n o m e rs .  T h e  c e n t r a l  q u e s t io n  c o n c e r n s
t h e  d i s t r i b u t i o n  o f  s a l t  g r o u p s  in  t h e  b u lk  a n d  t h e  n a t u r e  o f  t h e
i n t e r - c h a i n  lin k s . In  a n  e a r l y  t h e o r e t i c a l  p a p e r ,  E is e n b e r g  [1970] a s s u m e d  
t h e  io n - p a i r ,  c o n s i s t in g  o f  t h e  a n io n  a t t a c h e d  t o  t h e  p o ly m e r  a n d  t h e  
m e ta l  c a t i o n  p r e s e n t  a f t e r  f o r m a t io n  o f  t h e  s a l t ,  t o  b e  t h e  f u n d a m e n ta l  
s t r u c t u r a l  e n t i t y .  A s m a l l  n u m b e r  o f  th e s e  i o n - p a i r s  c a n  a s s o c i a t e  b y  
m e a n s  o f  d ip o le - d ip o le  i n t e r a c t i o n s  t o  f  o rm  s m a l l  a g g r e g a t e s  o r  
" m u l t ip le ts " ,  r e s u l t i n g  in  p o c k e ts  o f  i o n - r i c h  m a te r i a l  in  t h e  h y d r o c a r b o n  
m e d iu m . T h e  m a x im u m  n u m b e r  o f  io n - p a i r s  c o n ta in e d  in  s u c h  a  
" d i r e c t - c o n t a c t "  a g g r e g a t e  i s  a  c o n s e q u e n c e  o f  t h e  b a c k b o n e ’s  w i l l in g n e s s  
t o  b e  d e f o r m e d  t o  a l lo w  t h i s  m ic r o p h a s e  s e g r e g a t io n  t o  t a k e  p la c e .
M u l t ip le ts  a r e  t h o u g h t  t o  a s s o c i a t e  in to  l a r g e r  a g g r e g a t e s ,  t e r m e d  
" c lu s te r s " ,  w i th  i n t e r s p e r s e d  h y d r o c a r b o n  m a te r i a l .  A s w i th  in d iv id u a l
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m u l t ip le t s ,  c l u s t e r  a g g r e g a t io n  i s  f a v o u r e d  by  e l e c t r o s t a t i c  in t e r a c t io n s .  
E a c h  m u l t i p l e t  i s ,  h o w e v e r ,  s u r r o u n d e d  b y  a  h y d r o c a r b o n  " s h e ll"  o f  
m a t e r i a l  a t t a c h e d  t o  t h e  i o n - p a i r s  in  t h a t  m u l t ip le t ,  im p o s in g  a  lo w e r  
l im i t  o n  th e  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  o f  tw o  a d j a c e n t  m u l t ip le t s .  
C l u s te r s  a r e  t h e r e f  o r e  t h o u g h t  t o  b e  m o re  lo o s e ly  a s s o c i a t e d  t h a n  
m u l t ip le t s .
T h e  s t r u c t u r e ,  s i z e  a n d  e n e r g y  c h a r a c t e r i s t i c s  o f  a g g r e g a t e s  h a v e  b e e n  
in v e s t ig a te d  b y  g r o u p s  u s in g  a  v a r i e t y  o f  te c h n iq u e s :
L o w  a n g le  X - r a y  s c a t t e r i n g  [W ilson , 1968] h a s  id e n t i f i e d  t h e  
e x i s t e n c e  o f  s c a t t e r i n g  c e n t r e s  in  io n o m e r  s a l t s  t h a t  a r e  n o t  p r e s e n t  
in  t h e  a c id  f o r m ,  s u g g e s t in g  t h e  e x i s te n c e  o f  a n  i o n - r i c h  p h a s e  in  
t h e  h y d r o c a r b o n  m a t r ix .
F a r - i n f r a - r e d  s p e c t r o s c o p y  o f  p o ly m e r  s a l t s  [ T s a t s a s ,  1971 a n d  R o u s e ,
1979] h a s  o b s e rv e d  t h r e e  r e s o n a n c e s  a s s o c ia te d  w i th  t h e  p r e s e n c e  o f  
io n ic  a g g r e g a te s .  T h e  f i r s t  r e s o n a n c e  a p p e a r s  a s  t h e  a c id  i s  
n e u t r a l i s e d ,  w h ic h  s u g g e s t s  t h a t  i t  c o r r e s p o n d s  t o  t h e  p r im a r y  
i o n - p a i r .  T h is  c o n c lu s io n  i s  s u p p o r te d  by  th e  o b s e r v a t io n  t h a t  t h e  
r e s o n a n c e  s h i f t s  w i th  a  c h a n g e  in  t h e  m a s s  o f  t h e  c a t i o n  u s e d  to  
n e u t r a l i s e  t h e  a c id .  T w o  m o r e  r e s o n a n c e s  a p p e a r  a s  io n ic  
f u n c t i o n a l i t y  i s  in c r e a s e d ,  s u p p o r t in g  th e  c o n c e p t  t h a t  t h e  f o r m a t io n  
o f  a g g r e g a t e s  i s  d e p e n d e n t  o n  t h e  c o n c e n t r a t io n  o f  i o n - p a i r s .
R a m a n  s p e c t r o s c o p y  s tu d i e s  [N e p p e l, 1981] on  v a r io u s  io n o m e rs  c o n f i r m  
t h a t  io n o m e rs  b a s e d  o n  lo w  p o l a r i t y  h y d ro c a rb o n  b a c k b o n e s  c a n  b e
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v ie w e d  as. c o n s is t in g  o f  t h r e e  p h a s e s :  m a t r i x ,  m u l t i p l e t s  a n d
c l u s t e r s .  T w o  r e s o n a n c e  b a n d s  o b s e rv e d  in  a  s o d iu m  s a l t  o f  
p o ly s ty r e n e  w h ic h  do  n o t  a p p e a r  in  n o r m a l  p o ly s ty r e n e  a r e  a t t r i b u t e d  
to  v ib r a t io n a l  m o d e s  a s s o c i a t e d  w i th  t h e  io n s  p r e s e n t  in  io n o m e rs .  
C lu s te r s  h a v in g  l a r g e r  m a s s e s  t h a n  m u l t ip le t s ,  i o n - p a i r s  in  c l u s t e r s  
a r e  e x p e c te d  t o  v i b r a t e  a t  lo w e r  e n e r g ie s  t h a n  i o n - p a i r s  in  
m u l t ip le t s .  A s io n  c o n t e n t  in  t h e  io n o m e r  is  i n c r e a s e d  t h e  
lo w e r - e n e r g y  b a n d , c o r r e s p o n d in g  t o  c l u s t e r s ,  i n c r e a s e s  in  i n t e n s i t y  
w h ile  t h e  o th e r  b a n d  r e m a in s  u n c h a n g e d . T h is  s u g g e s t s  t h a t  t h e r e  is  
a n  u p p e r  l im i t  o n  t h e  m u l t ip le !  c o n c e n t r a t io n ,  b e y o n d  w h ic h  
a d d i t io n a l  i o n - p a i r s  c o n t r i b u t e  t o  c l u s t e r s .
E le c t r o n  m ic ro s c o p y  [L o n g w o r th ,  1975] c o n f i r m s  t h a t  p r o fo u n d
s t r u c t u r a l  c h a n g e s  o c c u r  u p o n  n e u t r a l i s a t i o n  o f  p o ly m e r  a c id s .  
S u r f  a c e  r e p l i c a s  o f  a n  a c id  c o p o ly m e r  sh o w  c l e a r  e v id e n c e  o f  a  
l a m e l la r  s t r u c t u r e  ty p i c a l  o f  a  c r y s t a l l i n e  m o rp h o lo g y . T h e  
c o r r e s p o n d in g  io n o m e r  s h o w s  n o  s u c h  s t r u c t u r e ,  h a v in g  o n ly  a  r a n d o m  
g r a in y  a p p e a r a n c e .
T h e  q u a n t i t a t i v e  a s p e c t s  o f  io n ic  a g g r e g a t e  s i z e  a r e  s o m e w h a t  a m b ig u o u s . 
V a r io u s  m o d e ls  h a v e  b e e n  p ro p o s e d ,  r a n g in g  f r o m  a  h o m o g e n e o u s  a g g r e g a t e  t o  
a  p h a s e - s e p a r a t e d  c l u s t e r  b u t  n o  s in g le  m o d e l g iv e s  a n  a d e q u a te  
d e s c r ip t io n  o f  t h e  w id e  r a n g e  o f  s t r u c t u r e s  o b s e rv e d  a n d  t h i s  a r e a  is  
c u r r e n t l y  t h e  s u b je c t  o f  in te n s iv e  r e s e a r c h .  W h a t i s  c e r t a i n  i s  t h a t
w h a te v e r  f o r m  a g g r e g a t e s  a d o p t ,  i n t e r - c h a i n  i n t e r a c t i o n s  w i l l  r e d u c e  t h e
m o b i l i ty  o f  t h e  p o ly m e r  b y  t h e  a d d i t io n  o f  c o n s t r a i n t s  o v e r  a n d  a b o v e  
th o s e  n o r m a l ly  e n c o u n te r e d  in  t h e  m e l t .  T h e  io n ic  g ro u p  c o n c e n t r a t i o n  a t
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w h ic h  c l u s t e r  f o r m a t io n  f i r s t  o c c u r s  in  s u lp h o n a te  io n o m e rs  i s  s t i l l  a n  
u n r e s o lv e d  q u e s t io n  [ F i t z g e r a ld ,  1988].
T h e  T h e o lo g ic a l b e h a v io u r  o f  io n o m e rs  o f f e r s  c o n v in c in g  e v id e n c e  t h a t  
m ic r o p h a s e  s e p a r a t i o n  h a s  a  s i g n i f i c a n t  im p a c t  o n  p r o p e r t i e s  [A g a rw a l,
19 80 ]. W ork  to  d a t e  in  t h i s  a r e a  h a s  in v a r i a b ly  in v o lv e d  d y n a m ic  
m e c h a n ic a l  m e a s u r e m e n ts ,  r e q u i r in g  t h e  im p o s i t io n  o f  s t r e s s  o n  t h e
m a t e r i a l .  T h is  t h e s i s  d e s c r ib e s  t h e  f i r s t  a t t e m p t  a t  m e a s u r in g  th e  
s t r u c t u r e  a n d  r h e o lo g ic a l  p r o p e r t i e s  o f  io n o m e r s  b y  m e a s u r e m e n t  o f  t h e
c e n t r e - o f - m a s s  d i f f u s io n  c o e f f i c i e n t  o f  p o ly m e r s  in  io n o m e r  s y s te m s .  T h e  
a t t r a c t i o n  o f  m e a s u r in g  th e  i n t r i n s i c  r h e o lo g ic a l  b e h a v io u r  o f  io n o m e rs  
u n d e r  z e r o  s t r a i n - r a t e  l ie s  in  t h e  f  a c t  t h a t  i t  d o e s  n o t  r e q u i r e  a n y
d e f o r m a t io n  o f  t h e  s a m p le ,  a l lo w in g  i t s  s t r u c t u r e  t o  b e  p r o b e d  w i th o u t  
i n c u r r in g  t h e  p o s s ib i l i ty  o f  p e r t u r b a t i o n  d u e  t o  s t r e s s .
T h is  i s  a c h ie v e d  b y  o b s e rv in g  t h e  e f f e c t  o f  io n ic  c o n c e n t r a t io n  o n  th e  
c e n t r e - o f - m a s s  d i f f u s io n  o f  p o ly m e r  m o le c u le s ;  t h e  n a t u r a l  f lo w  o f  
m o le c u le s  p a s t  e a c h  o t h e r  i s  g r e a t l y  in f lu e n c e d  b y  a n y  i n t e r - c h a i n
a t t r a c t i o n  a n d  m e a s u r e m e n ts  o f  t h i s  f lo w  s h o u ld  p ro v id e  a  s e n s i t iv e  
in d ic a t io n  o f  t h e  in c e p t io n  o f  d i f f e r e n t  s t a g e s  o f  a g g r e g a t io n .
An io n o m e r  t h a t  h a s  p ro v e d  p o p u la r  w i th  r e s e a r c h e r s  i s  s u lp h o n a te d  
p o ly s ty r e n e ,  S -P S . T h e  p r e c u r s o r  p o ly m e r ,  p o ly s ty r e n e ,  h a s  a  h ig h  th e r m a l  
s t a b i l i t y  [W eg n er, 1970] a n d  I t s  s iz e ,  a r c h i t e c t u r e  a n d  t a c t i c i t y  c a n  b e  
c o n t r o l l e d  t o  a  h ig h  d e g r e e .  I t  i s  t h e r e f o r e  p o s s ib le  t o  c o n d u c t  p r e c is e  
s t r u c t u r e - p r o p e r t y  e x p e r im e n ts  o n  p o ly s ty r e n e  a n d  i t s  d e r iv a t iv e s .
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T h e  s y n th e s i s  o f  S -P S  i s  r e l a t i v e ly  s t r a i g h t f o r w a r d  [M ak o w sk i, 1975]. A 
s u lp h o n ic  a c id  g ro u p  c a n  b e  s u b s t i t u t e d  f o r  t h e  p a r a  h y d r o g e n  o n  t h e  
s t y r e n e  s id e - g r o u p  b y  a  o n e - s te p  e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t io n .  T h is  
i s  t h e n  n e u t r a l i s e d  w i th  a  b a s e  s u c h  a s  s o d iu m  h y d r o x id e  t o  p r o d u c e  a  
s u lp h o n a te  s a l t .
1 .1 .2  A im s  o f  t h i s  w o r k
In  s u m m a r y ,  t h e r e f o r e ,  t h e  o b je c t iv e s  o f  t h i s  p r o j e c t  w e r e :
i) t o  d e te r m in e  t h e  c o n c e n t r a t io n  o f  s u lp h o n ic  g r o u p s  
n e c e s s a r y  t o  f o r m  a g g r e g a te s ,  
i i )  t o  d e te r m in e  th e  th e r m a l  s t a b i l i t y  o f  a g g r e g a t e s ,  
i i i )  t o  s tu d y  m e c h a n is m s  o f  p o ly m e r  d i f f u s io n  in  io n o m e rs .
1 .2  R e v ie w  o f  t e c h n i q u e s  f o r  s t u d y i n g  p o l y m e r  d i f f u s i o n
S e v e r a l  t e c h n iq u e s  a r e  c u r r e n t l y  b e in g  u s e d  t o  m e a s u r e  p o ly m e r  d i f f u s io n ,  
a  b r i e f  b u t  c o m p le te  r e v ie w  o f  w h ic h  h a s  b e e n  p u b l is h e d  b y  M ills  [1988].
A c o m m o n  a p p r o a c h  is  t o  " ta g "  o n e  o f  t h e  p o ly m e rs ,  a l lo w  i t  t o  p e n e t r a t e  a  
s e c o n d  p o ly m e r  a n d  t o  m o n ito r  i t s  p r o g r e s s  b y  c o l l e c t in g  a  c o n c e n t r a t io n  
d e p t h - p r o f i l e  o f  t h e  t a g .  In  o r d e r  t o  i n f e r  m e c h a n is m s  o f  p o ly m e r  
d i f f u s io n  i t  i s  n e c e s s a r y  t o  m e a s u r e  s e l f - d i f f u s i o n  c o e f f i c i e n t s .  T h e r e  is  
c o n c e r n ,  h o w e v e r , t h a t  t a g g in g  m ig h t  h a v e  a  s i g n i f i c a n t  e f f e c t  on
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d i f f u s io n  b e h a v io u r .  T h e r e f o r e  a  d e s i r a b l e  f e a t u r e  o f  a  te c h n iq u e  w o u ld  b e  
t h a t  i t  u s e  a  t a g  t h a t  k e e p s  m o d i f ic a t io n  t o  a  m in im u m  o r ,  w h e r e  p o s s ib le ,  
d i s p e n s e  w i th  t a g g in g  a l t o g e t h e r .
T w o  o t h e r  c r i t e r i a  t h a t  a f f e c t  t h e  c h o ic e  o f  te c h n iq u e  a r e  s e n s i t i v i t y  a n d  
d e p th  r e s o lu t io n .  S e n s i t iv i ty  d e s c r ib e s  t h e  le v e l o f  s ig n a l  r e t u r n e d  f o r  a  
g iv e n  in p u t  o f  e f f o r t ,  g iv in g  a n  id e a  o f  n e c e s s a r y  a n a ly s i s  t im e s .  An 
e x a m p le  f r o m  t h e  f i e l d  o f  io n  b e a m s  w o u ld  b e  h o w  m u c h  c h a r g e  n e e d s  t o  h i t  
t h e  t a r g e t  t o  p ro v id e  a  s t a t i s t i c a l l y  s ig n i f i c a n t  n u m b e r  o f  c o u n t s  a t  t h e  
d e t e c t o r .  F ro m  t h i s  e s t im a te  o f  c h a r g e ,  b e a m  c u r r e n t  a n d  a n a ly s i s  t im e  c a n  
b e  ju g g le d  b y  t h e  e x p e r im e n te r  t o  e i t h e r  i n c r e a s e  s a m p le  t h r o u g h p u t  o r
m in im is e  b e a m  d a m a g e  t o  t h e  s a m p le . T h e  s e n s i t i v i t y  o f  a  t e c h n iq u e  a l s o
d e t e r m in e s  t h e  d e t e c t io n  l im i t ,  t h e  m in im u m  c o n c e n t r a t i o n  o f  a  s u b s t a n c e
t h a t  t h e  te c h n iq u e  c a n  id e n t i f y .
R e s o lu t io n  i s  a  m e a s u r e  o f  t h e  d e g r e e  t o  w h ic h  t h e  s ig n a l  c a n  b e
d i s t in g u i s h e d  f r o m  o th e r ,  u n w a n te d  s ig n a ls .  In  m o s t  d i f f u s io n  
m e a s u r e m e n ts ,  t h e  p r o g r e s s  o f  o n e  m a t e r i a l  th r o u g h  a n o t h e r  i s  m o n i to re d ,  
in  w h ic h  c a s e  i t  i s  m o re  n o r m a l  t o  s p e a k  o f  a  d e p t h - r e s o lu t io n .  H ow  t h i s  
m a y  v a r y  w i th  d e p th  w i l l  b e  d is c u s s e d  a t  a  l a t e r  s t a g e ,  w i th  r e f e r e n c e  t o  
a  s p e c i f i c  te c h n iq u e .  I t  is  im p o r ta n t  t o  n o te  h e r e  t h a t  t h a t  i t  is  
d e s i r a b l e  t o  u s e  a  te c h n iq u e  w i th  a  s h a r p  r e s o lu t io n  a s  t h i s  e n a b le s
d i f f u s io n  o v e r  s h o r t  d i s t a n c e s  t o  b e  m e a s u r e d  a c c u r a t e ly .  T h is  a p p l ie s  t o
s i t u a t i o n s  w h e r e  d i f f u s io n  i s  s lo w , s u c h  a s  in  n e tw o r k s  o f  v e r y  lo n g
m o le c u le s ,  a n d  i s  a l s o  p a r t i c u l a r l y  u s e f u l  w h e n  t h e r e  i s  a  s u s p ic io n  t h a t
n o  d i f f u s io n  h a s  ta k e n  p la c e .
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A characteristic diffusion distance is
—13 2w h e r e  D i s  t y p ic a l ly  10 cm  / s e c .  In  t h i s  s i t u a t i o n ,  d i f f u s io n  o v e r  1 p m  
w o u ld  t a k e  2 5 0 0 0  s e c o n d s  a n d  o v e r  100  A w o u ld  t a k e  2 .5  s e c o n d s .  T h e  
p r e s e n c e  o f  a n y  i n t e r c h a i n  b o n d in g  w i l l  o p p o se  d i f f u s io n ,  in c r e a s i n g  th e  
d i f f u s io n  t i m e - s c a l e  a n d  in  o r d e r  t o  k e e p  e x p e r im e n ta l  d i f f u s io n  t im e s  
v ia b le  d e p t h - r e s o l u t i o n  m u s t  b e  a t  l e a s t  a n  o r d e r  o f  m a g n i tu d e  s m a l l e r  
t h a n  1 p m .
1 .2 .1  R u t h e r f o r d  B a c k s c a t t e r i n g
R u t h e r f o r d  B a c k s c a t t e r in g  (RBS) in v o lv e s  b o m b a rd in g  a  s a m p le  w i th  a n  io n  
b e a m , u s u a l ly  H e , a n d  m e a s u r in g  t h e  k in e t ic  e n e r g y  o f  p a r t i c l e s  
e l a s t i c a l l y  s c a t t e r e d  in  a  b a c k w a r d  d i r e c t io n .  A n e c e s s a r y  c o n d i t io n  f o r  
b a c k s c a t t e r i n g  t o  o c c u r  i s  t h a t  t h e  t a r g e t  a to m  b e  h e a v ie r  t h a n  t h e  b e a m  
io n , s o  h y d r o g e n  c a n n o t  b e  d e te c te d .  T h e  r e c o i l  e n e r g y  i s  a  f r a c t i o n  o f  
t h e  e n e r g y  a t  c o l l is io n ,  t h a t  f r a c t i o n  in c r e a s in g  w i th  t a r g e t  m a s s .
T h e  m a x im u m  p r o b e  d e p th  o f  RBS a s  a p p l ie d  t o  p o ly m e rs  d e p e n d s  o n  t h e  b e a m  
e n e r g y  u s e d  b u t  i s  ty p ic a l ly  o f  t h e  o r d e r  o f  2  p m . T h is  c a n  b e  r e d u c e d  
q u i t e  s u b s t a n t i a l l y ,  h o w e v e r ,  b y  t h e  p r e s e n c e  o f  o t h e r  h e a v y  e le m e n ts  in  
t h e  s a m p le ,  a s  t h e  s ig n a l s  f r o m  th e s e  m a y  o v e r la p  a n d  p r o d u c e  a  c o n f u s in g  
s p e c t r u m .
x = 2 J  Dt
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T h e  r e s o lu t io n  a c h ie v e d  b y  RBS is  v e ry  g o o d , a r o u n d  3 0  n m , a n d  s e n s i t i v i t y  
i n c r e a s e s  w i th  m a s s  s o  t h e r e  i s  a  t r a d e - o f f  b e tw e e n  t h e  c o n c e n t r a t i o n  o f  
t a g s  a n d  t h e i r  im p a c t  o n  t h e  p h y s ic a l  s i t u a t io n ;  a  h e a v y  t a g  c a n  b e
p r o f i l e d  t o  a  l a r g e  d e p th  b e f o r e  i t s  s ig n a l  o v e r la p s  w i th  t h a t  f r o m  
c a r b o n ,  w h e r e a s  t h e  u s e  o f  a  l i g h t  t a g  m in im is e s  t h e  e f f e c t  o f  t a g g in g  o n
t h e  b e h a v io u r  o f  t h e  p o ly m e r  in  t h e  m e lt .
RBS c a n  b e  a p p l ie d  in  tw o  w a y s : T h e  f i r s t  m e th o d  h a s  b e e n  m e n tio n e d  a b o v e  
a n d  b a s i c a l ly  e x p l o i t s  t h e  p r e s e n c e  o f  a  h e a v y  e le m e n t  in  o n e  o f  t h e  
d i f f u s a n t s .  T h is  m e th o d  h a s  b e e n  a p p l ie d  s u c c e s s fu l ly  t o  t h e  d i f f u s io n  o f
s m a l l  m o le c u le s  in  p o ly m e r s  [P a y n e , 1988]. T a g g in g  a  p o ly m e r  w i th  a  h e a v y  
e le m e n t  i s ,  h o w e v e r ,  f a r  f r o m  s a t i s f a c t o r y .  F i r s t l y ,  i t  i s  a  n o n - t r i v i a l  
p r o b le m  f r o m  a  c h e m ic a l  s t a n d - p o i n t  a n d , s e c o n d ly , i t  is  f e l t  t h a t  t h i s  
w i l l  m o d if y  t h e  p h y s ic a l  p r o p e r t i e s  o f  t h e  p o ly m e r  s ig n i f i c a n t ly ,  y ie ld in g  
r e s u l t s  w h ic h  do  n o t  a c c u r a t e ly  r e f l e c t  t h e  s e l f - d i f f u s i o n  p r o c e s s .
I n s te a d ,  in  t h e  s e c o n d  m e th o d , a  t h in  la y e r  o f  a  h e a v y  e le m e n t ,  ty p ic a l ly  
g o ld  [G re e n , 1984], i s  s a n d w ic h e d  b e tw e e n  tw o  p o ly m e r  l a y e r s .  A s t h e s e  
i n t e r d i f f u s e ,  t h e  m o le c u le s  m o v e p a s t  t h e  g o ld  " m a rk e r s " .  A ny im b a la n c e  in  
t h e  m o b i l i t i e s  o f  t h e  tw o  l a y e r s  w i l l  r e s u l t  in  a  n e t  d i s p la c e m e n t  o f  t h e  
g o ld . T h is  c a n  b e  c a u s e d  b y  u s in g  p o ly m e rs  o f  d i f f e r i n g  m o le c u la r  w e ig h t s ,  
a  s h o r t e r  m o le c u le  w i l l  d i f f u s e  in to  a  m a t r i x  o f  lo n g e r  m o le c u le s  f a s t e r  
t h a n  t h e  r e v e r s e  w i l l  o c c u r .  By m e a s u r in g  th e  d e p th  o f  t h e  g o ld  a f t e r  
v a r io u s  a n n e a l in g  t im e s ,  a  f i g u r e  f o r  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t ,  D ,
s
o f  t h e  s h o r t e r  p o ly m e r  c a n  b e  i n f e r r e d .  T h is  m e th o d  i s  c o m p a r a b le  t o  t h e  
K irk e n d a l l  e f f e c t  in  m e ta l s  a n d  a s  su c h  is  m o s t  s u i t e d  t o  a n  a s y m m e tr i c  
d i f f u s io n  c o u p le ,  w i th  o n e  m o le c u la r  w e ig h t  m u c h  g r e a t e r  t h a n  t h e  o t h e r ,
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and consequently, is of no use in measuring self-diffusion.
1 .2 .2  I n f r a - r e d  M i c r o d e n s i t o m e t r y
I n f r a - R e d  M ic r o d e n s i to m e tr y  (IRM ) r e q u i r e s  th e  p r e s e n c e  o f  so m e  f u n c t i o n a l  
g r o u p  in  t h e  p o ly m e r  t h a t  a b s o r b s  s t r o n g ly  a t  a n  i n f r a - r e d  f r e q u e n c y  
a g a i n s t  l i t t l e  a b s o r p t i o n  in  t h e  m a t r i x  [K le in , 1979]. T h e  I R - s e n s i t iv e  
m o le c u le  i s  p r e s e n t  a s  a  d is p e r s io n  in  t h e  p o ly m e r  m a t r ix .  A n a r r o w  s l i c e  
o f  s u c h  a  p o ly m e r  i s  p la c e d  in  c o n t a c t  w i th  a  s l i c e  im p e rv io u s  t o  
i n f r a - r e d .  T h e  d i f f u s io n  b r o a d e n in g  o f  t h e  i n i t i a l  s t e p - f  u n c t io n  is  
m o n i to r e d  b y  s c a n n in g  t h e  in t e n s i t y  t r a n s m i t t e d  b y  t h e  a r e a  a r o u n d  t h e  
i n t e r f a c e .  T h is  r e q u i r e s  s e c t io n in g  o f  th e  s a m p le  n o rm a l  t o  t h e  i n t e r f a c e .
T h e  l im i t a t i o n  o f  t h e  te c h n iq u e  i s  t h e  d e p th - r e s o lu t io n  o f  100  p m  w h ic h ,
f o r  r e a l i s t i c  d i f f u s io n  t im e s ,  l im i t s  D to  t h e  r a n g e  2 x lO _10c m 2s _1 to  
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10 cm  s  a n d  r e n d e r in g  IRM u n s u i t a b le  f o r  t h e  e x p e r im e n ts  p r o p o s e d  h e r e .  
S im ila r ly  t o  t h e  g o ld  m a r k e r  u s e  o f  RBS, t h e r e  a r e  d o u b ts  a s  t o  h o w  m u c h  
t h e  p h y s ic a l  s i t u a t i o n  i s  a l t e r e d  b y  t h e  p r e s e n c e  o f  t h e  a d d i t iv e ,  th o u g h  
IRM s e e m s  t o  b e  a n  id e a l  m e th o d  f o r  m e a s u r in g  th e  p r o g r e s s  o f  a  s p e c i f i c  
a d d i t iv e  th r o u g h  a  g iv e n  p o ly m e r .
1 .2 .3  F l u o r e s c e n c e  R e c o v e r y  A f t e r  P a t t e r n  P h o t o b l e a c h i n g
F lu o r e s c e n c e  R e d i s t r ib u t io n  a f t e r  P a t t e r n  P h o to b le a c h in g  (FR A PP) m a k e s  u s e  
o f  f l u o r e s c e n t  d y e s  w h ic h  c a n  b e  i r r e v e r s ib l y  b le a c h e d  b y  in te n s e  l ig h t
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[W ang, 1987]. A s m a l l  a r e a  o f  s a m p le  i s  b le a c h e d  b y  a  s t r o n g  l a s e r  b e a m  a n d  
t h e  s u b s e q u e n t  f lu o r e s c e n c e  f r o m  t h e  a r e a  m o n i to re d  b y  a  w e a k  l i g h t  b e a m . 
A s f r e s h  f l u o r e s c e n t  m o le c u le s  d i f f u s e  in to  t h e  b le a c h e d  a r e a ,  t h e  
f lu o r e s c e n c e  r e c o v e r s  t o  i t s  p r e - b le a c h i n g  v a lu e  a n d  t h e  d i f f u s io n  
c o e f f i c i e n t  o f  t h e  p r o b e  m o le c u le s  i s  o b ta in e d  f r o m  t h e  r e c o v e r y  r a t e .
T h is  te c h n iq u e  h a s  b e e n  a p p l ie d  t o  e p o x y  r e s in s  [W ang, 1987] t o  i d e n t i f y  
t h e  o n s e t  o f  c u r e  a t  d i f f e r e n t  t e m p e r a t u r e s .  I t  h a s  a l s o  b e e n  u s e d  [S m ith ,
1982] t o  m e a s u r e  h ig h  p o ly m e r  d i f f u s io n .  T h e  d i f f u s io n  r e f e r r e d  t o  i s  t h a t
o f  a  s o lv e n t  in  a  p o ly m e r  f i lm  a n d  i t  i s  m e a s u r e d  in  a  s im i l a r  f a s h io n  t o  
t h a t  d e s c r ib e d  a b o v e . A s s u c h ,  FR A PP i s  n o t  s u i t a b l e  f o r  s e l f - d i f f u s i o n  
m e a s u r e m e n ts  a s  i t  m e a s u r e s  t h e  m o v e m e n t o f  d y e  m o le c u le s  in  a  s u r r o u n d in g  
p o ly m e r  m a t r i x ,  r a t h e r  t h a n  o b s e rv in g  p o ly m e r  m o le c u le s  in  m o tio n  
d i r e c t ly .  FR A PP c a n  b e  u s e d  f o r  d i f f u s io n  m e a s u r e m e n ts  w h e n  t h e  
f lu o r o p h o r e  i s  a t t a c h e d  t o  t h e  p o ly m e r  c h a in  b u t  t h i s  in v o lv e s  a
s u b s t a n t i a l  m o d i f ic a t io n  o f  t h e  s t a r t i n g  p o ly m e r  a n d  t h e  o b s e rv e d
d i f f u s io n  c a n n o t  t h e r e f o r e  b e  c o n s id e r e d  a s  s e l f - d i f f u s io n .
1 .2 .4  F o r c e d  R a y l e i g h  L i g h t  S c a t t e r i n g
F o rc e d  R a y le ig h  L ig h t  S c a t t e r i n g  (FR LS) a l s o  r e l i e s  o n  t h e  u s e  o f  d y e s . 
L a s e r  b e a m s  a r e  u s e d  t o  p r o d u c e  a  s in u s o id a l  i n t e r f e r e n c e  p a t t e r n  in  a  
s y s te m  c o n s is t in g  o f  a  p o ly m e r ,  a  d y e  a n d  a  s o lv e n t .  In  t h e  d a r k  b a n d s  o f  
t h e  r e s u l t a n t  g r a t i n g ,  t h e  d y e  m o le c u le s  h a v e  b e e n  i s o m e r iz e d  in to  a  
d i f f e r e n t  f o r m .  T h e  s a m p le  i s  t h e n  i l lu m in a te d  w i th  a  " r e a d - o u t"  l a s e r  t o  
m e a s u r e  t h e  d i f f r a c t e d  i n t e n s i t y  a t  a  f ix e d  a n g le . A s t h e  tw o  is o m e r s
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i n t e r d i f f u s e ,  t h e  d i f f r a c t e d  in t e n s i t y  d e c a y s  e x p o n e n t ia l ly  w i th  t im e ,  
f r o m  w h ic h  a  d i f f u s io n  c o e f f i c i e n t  c a n  b e  e x t r a c t e d .
W id m a ie r  [1989] g o e s  so m e  w a y  t o  im p ro v in g  th e  s u i t a b i l i t y  o f  FR LS by  
la b e l l in g  o n e  h a l f  o f  a  b a t c h  o f  p o ly m e r  w i th  a  c h ro m o p h o re .  In  t h i s  w a y  
th e  n e e d  f o r  f r e e  d y e  m o le c u le s  is  re m o v e d , s im p l i f y in g  t h e  d i f f u s io n  
s i t u a t i o n .  T h e  u n la b e l le d  h a l f  o f  t h e  b a t c h  is  u s e d  f o r  c h a r a c t e r i z a t i o n  
a n d  d i f f u s io n  m e a s u r e m e n ts  a r e  p e r f o r m e d  a s  n o r m a l  on  t h e  la b e l le d ,  
l i g h t - s e n s i t i v e  p o ly m e r .
A lth o u g h  w i th  th e s e  c h a n g e s  FR LS i s  m e a s u r in g  d i f f u s io n  d i r e c t ly ,  i t  is  
s t i l l  m e a s u r in g  th e  d i f f u s io n  o f  a  m o d if ie d  p o ly m e r . I t  w i l l  n e v e r  p ro v id e  
m e a s u r e m e n ts  o f  t h e  i n t r i n s i c  p o ly m e r . T h is ,  to g e th e r  w i th  W id m a ie r ’s  
a d m is s io n  o f  t h e  d i f f i c u l t y  in  p r e p a r in g  th e  m a t e r i a l s ,  m a k e s  FRLS 
u n s u i t a b le  f o r  t h e  w o rk  p r o p o s e d  h e r e .
1 .2 .5  R a d i o a c t i v e  T r a c e r
K u m a g a i [1979] u s e d  t r i t i u m - l a b e l l i n g  to  m o n i to r  d i f f u s io n  in  p o ly s ty re n e .  
A th i n  l a y e r  o f  r a d io a c t i v e ly - l a b e l l e d  p o ly m e r  w a s  a p p l ie d  t o  t h e  to p  
s u r f a c e  o f  a  th ic k  f i lm  o f  u n la b e l le d  p o ly m e r . I n t e r  d i f f u s io n  w a s  fo l lo w e d  
b y  t h e  c h a n g e  in  s t r e n g t h  o f  t h e  r a d io a c t iv e  s ig n a l  in  t h e  o r ig in a l ly  
u n la b e l le d  d o m a in . D if fu s io n  c o e f f i c i e n t s  w e r e  e x t r a c t e d  b y  f i t t i n g  
t h e o r e t i c a l  f u n c t io n s  t o  t h e  o b s e rv e d  d e c r e a s e  in  c o u n t - r a t e .
Whilst the use of isotopic labelling ensures minimal modification of the
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p o ly m e r ’s  p h y s ic a l  a n d  c h e m ic a l  p r o p e r t i e s ,  t h e  te c h n iq u e  d o e s  n o t  m e a s u r e  
t h e  d e t a i l e d  c o n c e n t r a t i o n - p r o f i l e  in  t h e  s a m p le .  A s a  r e s u l t  in f o r m a t io n
is  l o s t  a s ,  w i th o u t  m e a s u r in g  t h e  c o m p le te  c o n c e n t r a t io n  p r o f i l e  a c r o s s  
t h e  i n t e r f a c e ,  o n e  h a s  v e r y  l i t t l e  w a y  o f  k n o w in g  w h e th e r  d i f f u s io n  is
p r o c e e d in g  n o r m a l ly  o r  i s  b e in g  p e r t u r b e d  b y  s o m e th in g  a b n o r m a l  a t  t h e
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i n t e r f  a c e .
T h e r e  a r e  tw o  te c h n iq u e s  a v a i la b le  t h a t  do  n o t  r e q u i r e  t h e  d i f f u s in g
m o le c u le s  t o  b e  la b e l l e d .  T h e s e  a r e  s p in - e c h o  n u c l e a r  m a g n e t i c  r e s o n a n c e  
(SENM R) [von  M e e rw a ll ,  1983 a n d  F le i s c h e r ,  1987] a n d  q u a s i - e l a s t i c  
l i g h t - s c a t t e r i n g  (QELS) [C hu, 1974]. B o th  p e r f o r m  d i r e c t  m e a s u r e m e n ts  on  
t h e  d e g r e e  o f  m o v e m e n t in  a  s a m p le ,  r e l a t i n g  r e s p o n s e  t im e s  t o  a  d i f f u s io n
c o e f f i c i e n t .  A t b e s t ,  u s e d  in  p u ls e d  m o d e , SENMR h a s  a  lo w e r  l im i t  o f
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10 c m  s  o n  m e a s u r e m e n ts  o f  t h e  d i f f u s io n  c o e f f i c i e n t ,  D. O th e r
te c h n iq u e s  c a n  im p ro v e  o n  t h i s  b y  s e v e r a l  o r d e r s  o f  m a g n i tu d e  b y  u s in g
lo n g e r  s a m p l e - t r e a t m e n t  t im e s .  W h ils t  QELS in  s lo w  m o d e  i s  r e p o r t e d  t o
-17 2 -1y ie ld  m e a s u r e m e n ts  d o w n  to  10 c m  s  , t h e r e  is  a t  p r e s e n t  no  a c c e p te d
th e o r y  t o  s u p p o r t  i t  a n d  s e l f - d i f f u s i o n  c o e f f i c i e n t s  p r o d u c e d  u s in g  QELS
a r e  i n f e r r e d  f r o m  r e s u l t s  o b ta in e d  f o r  d i f f u s io n  in  s o lu t io n ,  w h e r e a s  o n e
w o u ld  l ik e  t o  o b s e rv e  m e l t  d i f f u s io n  d i r e c t ly .
T h e r e  a r e  a l s o  tw o  te c h n iq u e s  t h a t  u s e  i s o to p ic  la b e l l in g  o f  p o ly m e r s  a s  a  
m e a n s  o f  d is t in g u is h in g  b e tw e e n  t h e  tw o  h a lv e s  o f  p o ly m e r  b i la y e r .  In
b o th ,  so m e  o f  t h e  h y d ro g e n  h a s  b e e n  r e p la c e d  b y  d e u te r iu m . In  t h i s  m a n n e r  
i t  i s  h o p e d  t h a t  m o d i f ic a t io n  o f  t h e  c h e m ic a l  a n d  p h y s ic a l  p r o p e r t i e s  o f
t h e  p o ly m e r  i s  m in im ise d .
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1.2.6 Secondary-Ion Mass Spectrometry
S e c o n d a r y - I o n  M ass S p e c t ro s c o p y  (SIMS) h a s  b e e n  u s e d  t o  p e r f o r m  a  
q u a n t i t a t i v e  a n a ly s i s  o f  d i f f u s io n  in  a  d e u t e r a t e d - p r o t o n a t e d  b i l a y e r  
s y s te m  [W h itlo w , 1989]. A to m s  o r  c l u s t e r s  o f  a to m s  a r e  s p u t t e r e d  o u t  o f  a  
s a m p le  s u r f a c e  b y  a  b e a m  o f  h e a v y , p r im a r y  io n s .  A s m a l l  n u m b e r  o f  th e s e  
a to m s  u n d e rg o  c h a r g e  e x c h a n g e  w i th  t h e i r  lo c a l  e n v i ro n m e n t  a n d , a s  
s e c o n d a r y  io n s , a r e  a n a ly s e d  b y  a  m a s s  s p e c t r o m e te r .  D e p th - p r o f i l in g  is  
p e r f o r m e d  b y  c o l le c t in g  c o n s e c u t iv e  m a s s  s p e c t r a  a s  t h e  p r im a r y  io n  b e a m  
e r o d e s  t h e  s a m p le  s u r f a c e  a n d  s p e c t r a  a r e  o r ig in a t in g  f r o m  e v e r - in c r e a s i n g  
d e p th s  r e l a t i v e  t o  th e  i n i t i a l  s a m p le  s u r f a c e .
T h is  te c h n iq u e  a c h ie v e s  a  d e p t h - r e s o lu t io n  o f  10 -  15 n m  a n d  p r o d u c e s  
d i r e c t  d e p t h - p r o f i l e s  o f  h y d r o g e n  a n d  d e u te r iu m ,  s u c h  t h a t  t h e  
i n t e r  d i f f u s io n  o f  a  d e u t e r a t e d  a n d  a  h y d r o g e n a te d  p o ly m e r  c a n  b e  
m o n i to r e d .  W h ils t o n  t h i s  e v id e n c e  SIMS s e e m s  a n  id e a l  te c h n iq u e  f o r  
m e a s u r in g  p o ly m e r  d i f f u s io n ,  t h e r e  a r e  c e r t a i n  c o m p l ic a t io n s  a s s o c ia te d  
w i th  i t s  u s e .
O b v io u s ly  a  m a jo r  p ro b le m  in  w o rk in g  w i th  p o ly m e r ic  s y s te m s  i s  c h a r g e
b u i ld - u p .  P o s i t iv e  io n s  a r e  b e in g  in j e c t e d  in to  a n  in s u l a t i n g  s u b s t r a t e .
T h is  c a n  b e  o v e rc o m e  b y  f lo o d in g  t h e  i r r a d i a t e d  a r e a  w i th  lo w  e n e rg y
e l e c t r o n s  a n d  t h e  l a r g e s t  a r e a  o v e r  w h ic h  im a g in g  c a n  b e  a c h ie v e d  i s  th e n
d e te r m in e d  b y  t h e  r e q u i r e m e n ts  f  o r  u n i f  o r m  c h a r g e  n e u t r a l i s a t i o n .
F u r th e r m o r e ,  t h e  p r im a r y  io n  b e a m  m u s t  b e  o f  lo w  c u r r e n t  d e n s i ty ,  
-2
ty p ic a l ly  1 nA cm  , in  o r d e r  t o  e l im in a te  s a m p le  d a m a g e  a n d  c o n s e q u e n t
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a to m ic  m ix in g  d u r in g  s p e c t r a l  a c q u is i t io n .  W ork  b y  B r ig g s  [1986] o n  th e
io n - b e a m  d a m a g e  r a t e s  o f  p o ly s ty r e n e  a n d  p o ly (m e th y l m e th a c r y l a te )  h a s
13 —2
s h o w n  t h a t  t h e  th r e s h o ld  d o s e  f o r  d a m a g e  i s  2 x 1 0  io n s  cm  b u t  t h a t  
u n d a m a g e d  s p e c t r a  c a n  b e  o b ta in e d  w i th  d o s e s  w e ll  b e lo w  t h i s  ( 5% ).
T h is  t h r e s h o l d ,  h o w e v e r , a p p l ie s  t o  s t a t i c  SIMS, w h e r e in  s p u t t e r i n g  is  
r e s t r i c t e d  t o  t h e  to p  f  e w  a to m ic  m o n o la y e r s  a n d  m a t e r i a l s  c a n  b e  
i d e n t i f i e d  b y  t h e i r  c h a r a c t e r i s t i c  g ro u p s .  D e p th - p r o f i l in g  w i th  SIMS 
r e q u i r e s  u s e  o f  t h e  d y n a m ic  m o d e  a n d  t h e  c o r r e s p o n d in g ly  h ig h e r  c u r r e n t  
d e n s i t i e s  u s e d  t o  e t c h  a  s a m p le  e f f e c t iv e ly  d e g r a d e  m o le c u la r  in f o r m a t io n  
in  t h e  im m e d ia te  s u b - s u r f a c e  r e g io n .  T h e  lo s s  o f  s u c h  in f o r m a t io n  r u l e s  
o u t  t h e  u s e  o f  d y n a m ic  SIMS in  t h e  e x t r a c t i o n  o f  c o n c e n t r a t i o n - p r o f i l e s  o f  
i n t e r d i f f u s e d  d i s s im i la r  p o ly m e r s  u n le s s  a n  i s o to p ic  t a g  is  u s e d  to  
d i s t in g u i s h  b e tw e e n  p o ly m e rs ,  a s  d o n e  b y  W h itlo w  119893 .
In  s i t u  d e p th  m e a s u r e m e n ts  a r e  v e r y  d i f f i c u l t  a s  t h e  s p u t t e r i n g  r a t e  
v a r i e s  b e tw e e n  t a r g e t s .  A d e p th  s c a l e  i s  o b ta in e d  b y  a s s u m in g  th e  
s p u t t e r i n g  r a t e  t o  h a v e  b e e n  c o n s t a n t  th r o u g h o u t  a  m e a s u r e m e n ts  a n d  b y  
m e a s u r in g  t h e  d e p th  o f  t h e  s p u t t e r e d  c r a t e r .
A n i n t r i n s i c  f e a t u r e  o f  SIMS i s  s a m p le  d e s t r u c t io n .  I t  is  n o t  p o s s ib le  t o  
a n a ly s e  a  b i l a y e r  b e f o r e  a n d  a f t e r  a n  a n n e a l ;  s u c h  d a t a  m u s t  b e  i n f e r r e d  
f r o m  tw o  s im i l a r  s a m p le s .  W hile  p r o g r e s s  i s  b e in g  m a d e  in  o th e r  a r e a s  o f  
t h e  te c h n iq u e ,  b y  u s in g  t i m e - o f - f l i g h t  m a s s  s p e c t r o m e t e r s  t o  im p ro v e  
s e n s i t i v i t y  a n d  p u ls e d  b e a m s  t o  r e d u c e  t h e  c h a r g in g  p ro b le m , t h e  
d e s t r u c t i v e  n a t u r e  o f  SIMS c a n n o t  b e  a v o id e d . T h is  n e c e s s a r y  in t e r p o la t i o n  
o f  d a t a  f r o m  d i f f e r e n t  s a m p le s ,  t o g e t h e r  w i th  t h e  a m b ig u i ty  o f  a n y
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d e p t h - s c a l e  u s e d  m a d e  SIMS a n  im p r a c t i c a l  c a n d id a te  f o r  t h i s  w o rk .
1 .2 .7  E l a s t i c  R e c o i l / F o r w a r d  S c a t t e r i n g
E l a s t i c  R e c o i l  D e te c t io n  A n a ly s is  (ERDA) w a s  d e v e lo p e d  t o  s tu d y  h y d ro g e n
in  t h e  n e a r - s u r f a c e  r e g io n  o f  s o l id s  [T u ro s ,  1984]. A b e a m  o f  4H e+,
in c id e n t  o n  t h e  s a m p le  a t  a  g la n c in g  a n g le ,  s c a t t e r s  n u c le i  o u t  o f  t h e
m a t e r i a l .  A s to p p e r  f o i l  o v e r  t h e  d e t e c t o r  r e m o v e s  e l a s t i c a l l y - s c a t t e r e d
b e a m  io n s  a n d  a n y  h e a v ie r  n u c le i  t h a t  m a y  h a v e  b e e n  e j e c t e d  s o  t h a t  o n ly
p r o to n s  a r e  d e t e c te d .  F ro m  a  k n o w le d g e  o f  e n e r g y - lo s s  c h a r a c t e r i s t i c s  o f  
4 +
p r o t o n s  a n d  H e in  t h e  s a m p le  m a t e r i a l  a n d  f r o m  e l a s t i c  c o l l i s io n  
k in e m a t ic s ,  t h e  v a r i a t i o n  o f  h y d ro g e n  c o n c e n t r a t io n  w i th  d e p th  c a n  b e
e x t r a c t e d  f r o m  t h e  p r o to n  e n e rg y  h is to g r a m .
T h is  te c h n iq u e  w a s  e x te n d e d  to  m e a s u r e m e n ts  o f  p o ly m e r  d i f f u s io n  b y  M ills  
[1 9 8 4 ], t h e  n e w  m e th o d  b e in g  c h r i s t e n e d  F o r w a r d  R e c o il S p e c t r o m e t r y  (FR S). 
B y la b e l l in g  o n e  p o ly m e r  w i th  d e u te r iu m  a n d  d i f f u s in g  i t  in to  a  m a t r i x  o f  
u n la b e l l e d ,  h y d ro g e n o u s  p o ly m e r  a  d e u te r iu m  d e p t h - p r o f i l e  c a n  b e  g e n e r a t e d  
b y  ERDA. T h is  i s  d i r e c t l y  a n a lo g o u s  t o  a  c o n c e n t r a t i o n - p r o f i l e  o f  t h e  
la b e l l e d  p o ly m e r  f r o m  w h ic h  t h e  e x t e n t  o f  d i f f u s io n  c a n  b e  a s c e r t a in e d .
T h e  l i m i t a t i o n s  on  t h e  te c h n iq u e  a r e  c h ie f ly  d u e  t o  t h e  g la n c in g  in c id e n c e  
t h a t  i s  n e c e s s a r y  t o  e n s u r e  t h e  e s c a p e  o f  s c a t t e r e d  n u c le i .  D i f f u s io n  c a n
b e  f o l lo w e d  d o w n  t o  j u s t  u n d e r  1 p m  in  d e p th ,  b e f o r e  t h e  D a n d  H p r o f i l e s
b e g in  t o  o v e r la p  o n  th e  e n e r g y  s p e c t r u m .  R e s o lu t io n  i s  im p a i r e d  b y  
s t r a g g l i n g  in  t h e  s to p p e r  f o i l ,  ty p ic a l ly  8 0  nm . So, w h i le  t h e r e  i s  m o re
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c o n f id e n c e  in  FR S g iv in g  a  t r u e r  p i c tu r e  o f  p o ly m e r  s e l f - d i f f u s i o n ,  t h e  
p r o f i l i n g  d e p th  a n d  s u b s e q u e n t  o r d e r s  o f  m a g n itu d e  o f  D t h a t  c a n  b eS
m e a s u r e d ,  t o g e t h e r  w i th  t h e  d e p th  r e s o lu t io n ,  a r e  c l e a r ly  i n f e r i o r  t o  RBS 
w h ic h  i s  s t i l l  f a r  f r o m  id e a l  f o r  t h e  e x p e r im e n t s  p r o p o s e d  h e r e .
R e c e n t  im p r o v e m e n ts  t o  ERDA h a v e  b e e n  im p le m e n te d  b y  S o k o lo v  [1989]. By 
r e p l a c in g  t h e  s to p p e r  f o i l  w i th  a  t i m e - o f - f l i g h t  (TO F) d e t e c t o r  H e a n d  H 
r e c o i l s  c o u ld  b e  s e p a r a t e d  w i th o u t  in c u r r in g  s i g n i f i c a n t  
e n e r g y - s t r a g g l in g .  T h e  im p ro v e d  te c h n iq u e  o f  E R D A -T O F c a n  a c h ie v e  d e p th  
r e s o lu t io n s  o f  t h e  o r d e r  o f  3 5  n m  a t  t h e  s a m p le  s u r f  a c e .  W h ile  t h i s  
p e r f o r m a n c e  c o m p a r e s  w e l l  t o  t h a t  o f  RBS, t h e  l im i te d  p r o f i l i n g - d e p t h  o f  
E R D A -T O F  r e s t r i c t s  i t s  u s e f u ln e s s  t o  t h e  s tu d y  o f  p o ly m e r  s u r f a c e s .
>
1 .2 .8  T h e  3 H e - d  T e c h n iq u e
T h is  te c h n iq u e  w a s  d e v e lo p e d  a t  S u r r e y  a s  i t  i s  c l e a r  t h a t  i t  i s  t h e  
o p tim u m  te c h n iq u e  f o r  t h i s  p r o j e c t  w h e n  a p p l ie d  t o  t h e  s p e c i f i c  q u e s t io n  
o f  m e a s u r in g  p o ly m e r  s e l f - d i f f u s io n .
T h e  f o l lo w in g  c h a p t e r  w i l l  sh o w , t h a t  t h e  3H e -d  te c h n iq u e ,  h e r e a f t e r
3
r e f e r r e d  t o  s im p ly  a s  H e -d , i s  a  n o n - d e s t r u c t iv e  io n  b e a m  te c h n iq u e  t h a t  
c a n  y ie ld  a  d e p t h - p r o f i l e  o f  a  d e u te r iu m - la b e l l e d  p o ly m e r  u p  t o  8 fim  w i th  a  
t o p  r e s o lu t io n  o f  4 0  nm . I t  e x p lo i t s  t h e  b e s t  f e a t u r e  o f  ERDA, n a m e ly  
r e q u i r i n g  o n ly  i s o to p ic  la b e l l in g .  H e -d  y ie ld s  a  c o n c e n t r a t i o n - p r o f i l e  o f  
t h e  p o ly m e r  d i f f u s in g  in  t h e  m e l t  o v e r  a  w id e  r a n g e  o f  d i f f u s io n  
c o e f f i c i e n t s  w i th  t h e  a t t r a c t i v e  f e a t u r e  t h a t  s a m p le s  c a n  b e  a n a ly s e d
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s e v e r a l  t im e s ,  e n a b l in g  b e f o r e  a n d  a f t e r  a n n e a l  s p e c t r a  t o  b e  c o l le c te d  
f r o m  t h e  s a m p le .
O th e r  a d v a n ta g e s  o f  t h i s  te c h n iq u e  a r e  t h e  e a s e  w i th  w h ic h  s a m p le s  c a n  b e  
p r e p a r e d  a n d  t h e  s p e e d  o f  a n a ly s i s .  S a m p le s  c o n s i s t  o f  a  b i l a y e r  o f  
d e u t e r a t e d  p o ly m e r  on  h y d ro g e n o u s  p o ly m e r .  P o ly m e r  f i lm s  a r e  p r e p a r e d  by  
d r y in g  a  p o ly m e r  s o lu t io n  on  a  g la s s  s l id e  a n d  f l o a t in g  t h e  r e s u l t a n t  f i lm  
o f f  o n  w a te r .  A n a ly s is  t im e  d e p e n d s  o n  th e  b e a m  c u r r e n t  a n d  d e u te r iu m  
c o n c e n t r a t io n  u s e d  b u t  s a m p le - f r i e n d ly  c u r r e n t s  ty p ic a l ly  y ie ld  s u f f i c i e n t  
c o u n t s  f o r  s t a t i s t i c a l l y - r e l i a b l e  p r o f i l e s  in  3 0  m in u te s .
1 .3  D e s c r i p t i o n s  o f  d i f f u s i o n
In  o r d e r  t o  i n t e r p r e t  d a t a  f o r  t h e  io n o m e r  s y s te m s  i t  i s  n e c e s s a r y  to  
u n d e r s ta n d  d i f f u s io n  b e h a v io u r  in  t h e  p r e c u r s o r  p o ly m e r . K ra m e r  [1985] h a s  
s u m m a r is e d  c u r r e n t  th o u g h t  o n  th e  e q u a t io n s  d e s c r ib in g  th e  p r o c e s s e s  by  
w h ic h  a  p o ly m e r  m o le c u le  d i f f u s e s .
I n t e r e s t  in  t h e  m ix in g  o f  tw o  l a y e r s  o f  c h e m ic a l ly  i d e n t i c a l  p o ly m e r  w a s  
t r i g g e r e d  by  a t t e m p t s  a t  c r a c k  h e a l in g .  I t  w a s  fo u n d  t h a t  t h e  s t r e n g t h  o f  
a  j o i n t  r e p a i r e d  by  h e a t in g  a b o v e  th e  g l a s s - t r a n s i t i o n  t e m p e r a t u r e ,  T  ,
g
in c r e a s e d  a t  a  r a t e  d e p e n d e n t  on  th e  m o le c u la r  w e ig h t  o f  t h e  m a t e r i a l  a n d  
t h e  t e m p e r a t u r e  o f  a n n e a l in g .  T h is  s u g g e s ts  t h a t  t h e  h e a l in g  p r o c e s s  is  
g o v e rn e d  b y  t h e  d i f f u s io n  k in e t i c s  o f  t h e  m a te r i a l ;  o n ly  w h e n  t h e r e  h a s  
b e e n  th o r o u g h  m ix in g  a c r o s s  t h e  c r a c k  a n d  th e  m a t e r i a l  is  
in d is t in g u is h a b le  f  ro m  th e  o r ig in a l  p o ly m e r  w ill  t h e  f  u l l  s t r e n g t h  b e
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reached.
T h e  e f f e c t  o n  t h e  p o ly m e r  o f  c h a n g in g  i t s  c h e m is t r y  o r  p h y s ic a l
e n v i ro n m e n t  c a n  b e  s tu d i e d  b y  m e a s u r in g  s e l f - d i f f u s i o n  a s  t h i s  i s
s e n s i t iv e  t o  a n y  m o d i f i c a t i o n  t h a t  a f f e c t s  t h e  p o ly m e r ’s  a b i l i t y  t o  
t r a n s l a t e ,  r o t a t e  o r  v i b r a t e  o n  a  m o le c u la r  a n d  s e g m e n ta l  s c a le .
On a  s im p le  le v e l ,  a  p o ly m e r  c h a in  c a n  b e  c o n s id e r e d  a s  a  l a r g e  m o le c u le  
w i th  i t s  c e n t r e - o f - m a s s  m o tio n  a f f e c t e d  b y  th e  a m b ie n t  t e m p e r a t u r e  a n d  t h e  
f r i c t i o n a l  d r a g  e x e r t e d  b y  a d j a c e n t  m o le c u le s . B eyond  a  c e r t a i n  le n g th ,  
h o w e v e r ,  a  c h a in  b e c o m e s  e n ta n g le d  w i th  o th e r s  th u s  a d d in g  a  f u r t h e r  
c o n s t r a i n t  t o  i t s  m o tio n  a n d  c o m p l ic a t in g  t h e  d i f f u s io n  s i t u a t i o n .
T h e  c r i t i c a l  le n g th  f o r  e n ta n g le m e n t  t o  o c c u r ,  e x p r e s s e d  a s  a  c r i t i c a l  
m o le c u la r  w e ig h t  M , w a s  f o u n d  b y  m e a s u r in g  th e  z e r o  s h e a r  r a t e  v i s c o s i tyC
a t  s e v e r a l  v a lu e s  o f  t h e  m o le c u la r  w e ig h t ,  M. A t M , t h e r e  i s  a n  a b r u p tC
c h a n g e  in  t h e  in d e x  o f  t h e  m o le c u la r  w e ig h t  d e p e n d e n c e  o f  t h e  v is c o s i ty ,  
im p ly in g  a  f u n d a m e n ta l  s t r u c t u r a l  d i f f e r e n c e .  T h is  v ie w  i s  s u p p o r te d  b y  
m o d u lu s  m e a s u r e m e n ts ,  w h ic h  s h o w  a  r u b b e r y  p la te a u  f o r  M > M .
c
T h e  R o u s e  m o d e l
T h is  m o d e l r e s t r i c t s  i t s e l f  t o  t h e  e f f e c t  o f  f r i c t i o n ,  u s in g  th e  E in s te in  
r e l a t i o n
d e f in in g  t h e  f r i c t i o n a l  d r a g  p e r  u n i t  v e lo c i ty  a s
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w h e r e  Mq i s  t h e  m o n o m e r  m o le c u la r  w e ig h t ,  M is  t h e  c h a in  m o le c u la r  w e ig h t  
a n d  C is  t h e  m o n o m e r ic  f r i c t i o n  c o e f f i c i e n t .
T h e  R o u s e  d i f f u s io n  c o e f f i c i e n t  i s  t h e r e f o r e
k_.TM  _  B o
D =--- ------------RO < M
T h is  m o d e l d o e s  n o t  t a k e  in to  a c c o u n t  t h e  a d d e d  e f f e c t  o f  e n ta n g le m e n ts  
a n d  c a n  t h e r e f o r e  o n ly  b e  a p p l ie d  t o  t h e  M < M r e g im e .
c
T h e  R e p t a t i o n  m o d e l
In  t h i s  m o d e l t h e  c h a in  i s  c o n s id e r e d  t o  w a n d e r  r a n d o m ly  a lo n g  a  v i r t u a l
tu b e  w h o s e  s h a p e  i s  d e f in e d  b y  t h e  c o n s t r a i n t s  im p o s e d  b y  i t s  e n ta n g le d
n e ig h b o u rs .  T h e  tu b e  le n g th ,  L , i s  p r o p o r t i o n a l  t o  M b u t ,  d u e  t o
c o n f o r m a t io n a l  r a n d o m n e s s ,  i s  l e s s  t h a n  th e  c h a in  c o n to u r  le n g th .  T h e
m a t r i x  m o le c u la r  w e ig h t ,  P , i s  i r r e l e v a n t  a s  t h e  c o n s t r a i n t s  a r e  a s s u m e d
t o  b e  f ix e d .  D if fu s io n  a lo n g  t h e  tu b e  i s  g o v e rn e d  b y  f r i c t i o n ,  h e n c e  DD r.KU
a p p l ie s  in  t h e  tu b e .  A f t e r  a  c h a r a c t e r i s t i c  t im e  t  , t h e  c h a in  h a s  e s c a p e dK
t h e  i n i t i a l  tu b e .
J t 2 + |3t „  a  L  a  M
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T h e  c e n t r e - o f - m a s s  o f  t h e  c h a in  h a s  t r a v e l l e d  a  d i s t a n c e  p r o p o r t i o n a l  t o
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t h e  r o o t - m e a n - s q u a r e  e n d - t o - e n d  d i s t a n c e ,  <R > , in  t h i s  t im e  a n d  t h e
c e n t r e - o f - m a s s  d i f f u s io n  c o e f f i c i e n t  i s  t h e r e f o r e  g iv e n  b y
D* a  < R 2 > a  M“2
2w h e r e  <R > s c a le s  a s  M.
T h e  r e p t a t i o n  m o d e l i s  a  r e c e n t  d e v e lo p m e n t  p r o p o s e d  a n d  p io n e e r e d  b y  d e  
G e n n e s  [1971]. S e l f - d i f f u s io n  m e a s u r e m e n ts  in  p o ly e th y le n e  [K le in  1978] 
h a v e  sh o w e d  g o o d  a g r e e m e n t  w i th  t h e  m o d e l a n d , v e r y  r e c e n t ly ,  K r e m e r ’s  
[1990] c o m p u te r  s im u la t io n s  in v o lv in g  e q u a t io n s  o f  m o tio n  f o r  e a c h  m o n o m e r  
in  e a c h  m o le c u le  h a v e  o b s e rv e d  a l l  t h e  e f f e c t s  p r e d ic te d  b y  t h e  r e p t a t i o n  
m o d e l,  f in d in g  t h a t  p o ly m e r s  d o  "m ove in  s o m e th in g  l ik e  a  c o n s t r a in in g  
tu b e " .
T h e  C o n s t r a i n t  R e l e a s e  m o d e l
In  t h i s  m o d e l, w h ic h  i s  a n  e x te n s io n  o f  t h e  r e p t a t i o n  m o d e l, t h e  m o le c u le s  
im p o s in g  c o n s t r a i n t s  o n  t h e  " r e p t a t i n g "  c h a in  a r e  a l lo w e d  t o  m o v e o n  a  
s i m i l a r  t im e s c a le .  T h is  w i l l  o c c u r  w h e n  M 2: P , a s s u m in g  t h a t  t h e  m a t r i x  
c o n ta in s  n o  c h e m ic a l  c r o s s - l i n k s .  T h e  tu b e  c o n ta in in g  th e  M -c h a in  d i f f u s e s  
b y  r e p t a t i o n ,  g iv in g  r i s e  t o  t h e  t e r m  " c o n s t r a i n t  r e le a s e " .
By c o n s id e r in g  c o n s t r a i n t  r e l e a s e  a s  m o tio n  o f  t h e  tu b e  th r o u g h ' a  v is c o u s
m a t r i x  o f  P - c h a in s ,  t h e  f r i c t i o n  c o e f f i c i e n t  v a r i e s  w i th  L  a n d  ri , t h eo
z e r o  s h e a r  r a t e  v i s c o s i ty  a t  M =  M .
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T) a  P  a n d  L  a  M o
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_ 1 1
D CR “  f  “  L M  “  M P
T h e  C o il D i f f u s i o n  m o d e l
A t v e r y  h ig h  M, t h e  s p e c i f i c  s h a p e  t h e  p e n e t r a n t  m o le c u le  w i l l  a s s u m e  w ill
b e  c o m m e n s u ra te  w i th  i t s  m in im u m  f r e e - e n e r g y  c o n f o r m a t io n  in  a  g iv e n
m o le c u la r  e n v iro n m e n t.  T h e  in c r e a s i n g  s ig n i f i c a n c e  o f  i n t r a t u b e
h y d ro d y n a m ic  i n t e r a c t i o n s  w i l l  r e s u l t  in  t h e  c h a in  d i f f u s in g  a s  a  c o i l  o f
r a d i u s  R u . I t s  m o tio n  i s  d e s c r ib e d  b y  t h e  S to k e s - E in s te in  e q u a t io n  rl
k  T
r-. B  -1 /2 d -3
s e  =  TafiTK.) “ M PO r l
7
A s t h i s  e f f e c t  i s  p r e d i c t e d  t o  o c c u r  f o r  M > 3 x 1 0  , i t  c a n  b e  n e g le c te d  
w h e n  c o n s id e r in g  c o m m e r c ia l  p o ly m e r s  a s  t h e s e  a r e  ty p ic a l ly  o r d e r s  o f  
m a g n i tu d e  s h o r t e r .
1 .4  O u t l i n e  o f  t h i s  w o r k
T h e  p r e s e n t a t i o n  o f  t h e  w o rk  c a r r i e d  o u t  in  t h e  c o u r s e  o f  t h i s  p r o j e c t  h a s  
b e e n  a r r a n g e d  in to  c h a p t e r s  a s  f o l lo w s .  In  C h a p te r  2 , H e -d  w i l l  b e  
e x p la in e d  in  d e t a i l  a n d  i t s  p e r f o r m a n c e  c o m p a r e d  t o  e x i s t i n g  m e th o d s . 
C h a p te r  3  w i l l  t r e a t  t h e  m a t t e r  o f  io n  b e a m  d a m a g e  t o  t h e  s a m p le . A 
d is c u s s io n  o f  t h e  c h e m ic a l  r e a c t i o n s  u s e d  t o  p r e p a r e  a n d  d e u te r iu m - la b e l
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io n o m e r s  o f  p o ly s ty r e n e  in  C h a p te r  4 w i l l  th e n  b e  f o l lo w e d  b y  a n  a c c o u n t  
o f  s a m p le  p r e p a r a t i o n .  C h a p te r  5  w i l l  p r e s e n t  t h e  r e s u l t s  f r o m  th e  
d i f f u s i o n  e x p e r im e n t s  in  c o n ju n c t io n  w i th  t h e  r a t i o n a l e  b e h in d  e a c h  
e x p e r im e n t  a n d  t h e i r  im p l ic a t io n s  d is c u s s e d  in  t e r m s  o f  t h e  v a r io u s  
d i f f u s i o n  m o d e ls  a v a i la b le .
F in a l ly  i t  i s  h o p e d  t h a t  t h i s  w o rk  w i l l  p r o v id e  p o ly m e r  p h y s ic i s t s  w i th  a  
p o w e r f u l  to o l  a n d  p r o m o te  t h e  c a u s e  o f  io n o m e rs  a s  t h e  n e x t  g e n e r a t i o n  o f  
p o ly m e r  m a te r i a l s .
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Chapter 2: The Technique of Nuclear Reaction Analysis
F ro m  t h e  p r e v io u s  c h a p te r  w e  h a v e  id e n t i f i e d  o u r  r e q u i r e m e n t s  f r o m  a  
te c h n iq u e ;  i t  m u s t  a l lo w  u s  t o  m e a s u r e  s e l f - d i f f u s i o n ,  b y  d i f f e r e n t i a t i n g  
b e tw e e n  tw o  l a y e r s  o f  t h e  s a m e  p o ly m e r .  I t  m u s t  d o  t h i s  w i th o u t  r a d i c a l  
a l t e r a t i o n  o f  e i t h e r  p o ly m e r  s u c h  t h a t  d i f f u s io n  b e h a v io u r  r e m a in s
u n a f f e c t e d .  Id e a l ly ,  i t  w o u ld  a l s o  y ie ld  a  d i r e c t  c o n c e n t r a t i o n - p r o f i l e  o f  
t h e  d i f f u s in g  p o ly m e r  s u c h  t h a t  a  d i f f u s io n  c o e f f i c i e n t  c o u ld  b e
e x t r a c t e d ,  a l th o u g h  t h i s  a n d  n o n - d e s t r u c t io n  o f  t h e  s a m p le  w o u ld  b e  a  
b o n u s .
2 .1  N u c l e a r  R e a c t i o n  A n a ly s i s
T h e  n a m e  " N u c le a r  R e a c t io n  A n a ly s is "  (NRA) a p p l ie s  t o  a  g r o u p  o f  
te c h n iq u e s ,  e a c h  o f  w h ic h  h a s  a t  i t s  c o r e  t h e  e x p l o i t a t i o n  o f  a  s p e c i f ic  
n u c l e a r  r e a c t io n .  T h e s e  te c h n iq u e s  a r e  id e a l ly  s u i t e d  t o  m e a s u r in g  t r a c e  
im p u r i t i e s  in  b u lk  s a m p le s ,  d u e  t o  t h e i r  i s o to p ic  s p e c i f i c i ty .  T h e
r e a c t i o n  c a n  b e  i n i t i a t e d  b y  n e u t r o n s ,  y - r a y s  o r  c h a r g e d  p a r t i c l e s  a n d  
m e a s u r e m e n ts  o f  t h e  r e a c t i o n  p r o d u c t s  c a n  b e  i n t e r p r e t e d  t o  y ie ld  
c o n c e n t r a t io n  in f o r m a t io n .
In  p a r t i c u l a r ,  c h a r g e d - p a r t i c l e - in d u c e d  n u c l e a r  r e a c t i o n s  h a v e  m a n y  
a t t r a c t i v e  f e a t u r e s  a n d  th e s e  c a n  b e  s u m m a r is e d  a s  f o l lo w s :
-  T h e r e  is  n o  n a t u r a l  b a c k g r o u n d .
-  A h ig h  Q -v a lu e  r e a c t i o n  c a n  b e  t r i g g e r e d  b y  lo w - e n e rg y  
p a r t i c l e s ,  r e q u i r in g  l i t t l e  a c c e l e r a t i o n  a n d  r e d u c in g  s a m p le
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h e a t in g .  F u r th e r m o r e ,  t h e  h ig h  Q -v a lu e  e n s u r e s  e n e r g e t i c  
r e a c t io n  p r o d u c t s  w h ic h  c a n  e s c a p e  f r o m  s u b s t a n t i a l  d e p th s  
w i th in  t h e  s a m p le ,  th e r e b y  e x te n d in g  t h e  p r o b e  d e p th  o f  th e  
te c h n iq u e .
-  R e a c t io n s  a r e  c o n f in e d  t o  lo w - Z  n u c le i  b y  C o u lo m b  r e p u ls io n ,  
a l lo w in g  t r a c e  c o n c e n t r a t io n s  t o  b e  d e t e c t e d  in  h e a v y  
s u b s t r a t e s .
-  R e a c t io n s  a r e  v e r y  i s o t o p e - s p e c i f i c .
-  R e s u l ts  a r e  g e n e r a l ly  in d e p e n d e n t  o f  t h e  c h e m ic a l  o r  p h y s ic a l  
s t a t e  o f  t h e  n u c le i  a s  t h e  r e a c t i o n  y ie ld  d e p e n d s  o n ly  o n  th e  
n u c l e a r  c r o s s - s e c t i o n .
-  M e a s u re m e n ts  a r e  n o n - d e s t r u c t iv e  a n d  q u ic k .
-  D e p th  d i s t r i b u t io n s  c a n  b e  d e te r m in e d  d i r e c t l y  in  t h e  to p  f e w  
m ic r o n s  o f  a  s a m p le  w i th  a  r e s o lu t io n  o f  0 .1  p m  o r  b e t t e r .
D ue  t o  t h e s e  b e n e f ic ia l  f e a t u r e s  c h a r g e d  p a r t i c l e s  h a v e  s e e n  w id e s p re a d  
a p p l i c a t io n  in  t h e  f i e l d  o f  m a t e r i a l s  a n a ly s i s :  O x y g en  d i f f u s io n  in  m e ta l s  
h a s  b e e n  s tu d i e d  b y  d e u te r o n  b e a m s  [A m se l, 1968] a n d  in  q u a r t z  b y  p r o to n  
b o m b a rd m e n t  [P a lm e r ,  1965]. A m se l [1971] h a v e  u s e d  c h a r g e d  p a r t i c l e s  t o  
m e a s u r e  s m a l l  q u a n t i t i e s  o f  160 ,  180 ,  14N, a n d  19F  b y  b o m b a rd in g  w i th
p r o to n s  a n d  d e u te r o n s  a n d  d e t e c t in g  a lp h a  p a r t i c l e s ,  p r o to n s  a n d  y - r a y s .  
Z ie g le r  [1978] h a v e  u s e d  a  n u m b e r  o f  te c h n iq u e s  t o  p r o f i l e  h y d ro g e n  in  
m a t e r i a l s ,  o n e  o f  w h ic h  i s  b a s e d  o n  t h e  r e a c t i o n  o f  3H e w i th  a  d e u te r o n .
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3 42 .2  P o r t r a i t  o f  t h e  d (  H e ,p )  H e  r e a c t i o n  a s  a  c h a r g e d  
p a r t i c l e  t e c h n i q u e .
3 2A r e a c t i o n  b e tw e e n  H e a n d  H (d e u te r iu m )  h a s  b e e n  id e n t i f i e d  b y  Y a r n e l l
3
[1953] w h o  b o m b a rd e d  g a s e o u s  H e w i th  e n e r g e t i c  d e u te r o n s .  T h is
3 4
d( H e ,p )  H e r e a c t io n  h a s  a  s t r o n g  r e s o n a n c e  ( 0 .9 ± 0 .1  b a r n s ) ,  th e  
c r o s s - s e c t i o n  m a x im u m  b e in g  a t  a  d e u te r o n  e n e r g y  o f  4 3 0 1 3 0  keV . T h e  
e n e r g e t i c  y ie ld  o f  t h e  r e a c t io n  i s  1 8 .3 5 2  MeV, w i th  t h e  r e s u l t  t h a t  b o th  
t h e  e m i t t e d  p a r t i c l e s  h a v e  e n e r g ie s  g r e a t e r  t h a n  t h e  in c id e n t  p a r t i c l e .
E x te n s iv e  w o r k  h a s  b e e n  d o n e  u s in g  t h i s  r e a c t i o n  t o  s tu d y  3He 
c o n c e n t r a t i o n s  in  m e ta l s  a n d  m a t e r i a l s  f o r  f u s io n  r e a c t o r  w a l l s  [P ro n k o ,
\
1974; P ic r a u x ,  1974; L a n g le y , 1974] b y  e n e r g y - a n a ly s in g  t h e  4H e io n s . 
L a n g le y  h a v e  s h o w n  t h a t  d e p th  r e s o lu t io n  i s  e n h a n c e d  s in c e  b o th  in c id e n t  
a n d  e m i t t e d  p a r t i c l e s  lo s e  e n e r g y  on  t h e i r  p a t h s  t h r o u g h  t h e  s a m p le .  T h is  
i s  e n h a n c e d  f o r  e m is s io n  a n g le s  ^  7 5 ° , i .e .  a  f o r w a r d  s c a t t e r i n g
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a r r a n g e m e n t .  A t th e s e  a n g le s ,  t h e  e m i t t e d  H e e n e r g y  d e c r e a s e s  a s  t h e  
in c id e n t  p a r t i c l e  e n e r g y  d e c r e a s e s  s u c h  t h a t  p a r t i c l e s  e m i t t e d  f r o m  
r e a c t i o n s  o c c u r r in g  a t  a  d e p th  in  t h e  s a m p le  w il l  h a v e  lo w e r  e n e r g ie s  t h a n  
th o s e  f r o m  e v e n ts  t a k in g  p la c e  a t  t h e  s a m p le  s u r f a c e .  F o r w a r d  s c a t t e r i n g  
f r o m  a  t h i c k  s a m p le  n e c e s s i t a t e s  a  g la n c in g  in c id e n c e  a r r a n g e m e n t  w h ic h  
im p r o v e s  t h e  d e p th  r e s o lu t io n  s t i l l  f u r t h e r  b y  s t r e t c h i n g  o u t  t h e  
d e p t h - s c a l e  v i s - a - v i s  t h e  e n e rg y  s c a le .
T h e  r e a c t i o n  h a s  a l s o  b e e n  u s e d  in  i t s  r e v e r s e  f o r m  t o  s tu d y  d e u te r iu m  
c o n c e n t r a t i o n s  in  v a r io u s  m a t e r i a l s  [M o e lle r , 1978; B o e rg e s e n , 1978; 
A l t s t e t t e r ,  1978] b y  u s in g  a  b e a m  o f  3H e io n s . T h is  d (3H e ,p )4H e r e a c t io n
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is identical to that discussed above when observed in the centre-of-mass
f  r a m e .
T h e r e  a r e  tw o  d i s t i n c t  m e th o d s  o f  a p p ly in g  n u c l e a r  r e a c t i o n s  w i th  c h a r g e d  
p a r t i c l e s ,  d e p e n d in g  o n  th e  w id th  o f  t h e  r e s o n a n c e  in  t h e  p a r t i c u l a r  
n u c l e a r  r e a c t io n .  In  t h e  c a s e  o f  a  n a r r o w  r e s o n a n c e  d e p t h - p r o f i l e s  a r e  
o b ta in e d  b y  t o t a l  y ie ld  m e a s u r e m e n ts .  T h e  in c id e n t  p a r t i c l e  e n e r g y  is  
i n c r e a s e d  in  s t e p s  t o  in c r e a s e  t h e  d e p th  w i th in  t h e  s a m p le  a t  w h ic h  th e  
r e s o n a n c e  o c c u r s  w i th  t h e  y ie ld  g iv in g  a  m e a s u r e  o f  t h e  c o n c e n t r a t i o n  a t  
t h a t  d e p th .  F o r  n u c l e a r  r e a c t io n s  in v o lv in g  w id e  r e s o n a n c e s  t h i s  m e th o d  is  
im p r a c t i c a b l e .  I n s te a d ,  a  d e p t h - p r o f i l e  o b ta in e d  u s in g  a  w id e  r e s o n a n c e  is  
e v a lu a te d  d i r e c t l y  f r o m  t h e  e n e r g y  s p e c t r u m  o f  a n  e m i t t e d  p a r t i c l e .
3 4
T h e  d( H e ,p )  H e r e a c t i o n  f a l l s  in to  t h e  l a t t e r  c a te g o r y ,  r a n g in g  f r o m  4 0 0  
keV  t o  u p w a r d s  o f  2 .5  MeV w i th  a  m a x im u m  a t  6 5 0  keV  [ A l t s t e t t e r ,  1978]. A 
s a m p le  c o n ta in in g  a  d e u te r iu m  c o n c e n t r a t io n  p r o f i l e  a n d  b o m b a rd e d  b y  a
3
m o n o e n e r g e t i c  b e a m  o f  H e io n s  e m i ts  p r o to n s  a n d  a lp h a  p a r t i c l e s  w i th  a  
r a n g e  o f  e n e r g ie s .  T h e  f i n a l  e n e r g y  o f  a  r e a c t i o n  p r o d u c t  v a r i e s  w i th  th e  
d e p th  a t  w h ic h  t h e  r e a c t i o n  o c c u r r e d .  T h is  p a r a m e t e r  u n iq u e ly  d e f in e s  
o t h e r  v a r i a b l e s  a f f e c t i n g  th e  e m i t t e d  e n e r g y ,  s u c h  a s  e n e r g y - lo s s  o f  th e  
in c o m in g  io n  a n d  o f  t h e  e x i t in g  r e a c t i o n  p r o d u c t  r e s u l t i n g  f r o m  t r a v e l  
t h r o u g h  t h e  s a m p le .  C o n s e q u e n t ly , b y  m e a s u r in g  a  p a r t i c l e ’s  e n e r g y  a n d  
t a k in g  in to  a c c o u n t  t h e  e x p e r im e n ta l  g e o m e tr y ,  t h e  d e p th  o f  r e a c t i o n  c a n  
b e  d e t e r m in e d  w i th in  t h e  e x p e r im e n ta l  e r r o r s  d u e  t o  d e t e c t o r  r e s o lu t io n  
a n d  s t a t i s t i c a l  e f f e c t s  s u c h  a s  e n e r g y  s t r a g g l in g .
An energy-histogram is then accumulated to show the relative frequencies
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o f  p a r t i c l e  e n e r g ie s  a n d  t h i s  c a n  th e n  b e  i n t e r p r e t e d  a s  a  f i r s t  
a p p r o x im a t io n  t o  t h e  c o n c e n t r a t io n  d e p t h - p r o f i l e  o f  d e u te r iu m ,  p ro v id e d  
t h e  r e s o lu t io n  i s  r e a s o n a b le .  T h is  a p p r o a c h  w a s  f i r s t  u s e d  w i th  t h e  a lp h a  
p a r t i c l e s  in  a  f o r w a r d  s c a t t e r i n g  a r r a n g e m e n t  [L a n g le y , 1974; B o e rg e s e n ,
1978], u s in g  o b l iq u e  in c id e n c e  a n d  t a k e - o f f  a n g le s  f o r  r e a s o n s  o f  
d e p t h - r e s o l u t i o n  a n d  m a x im is a t io n  o f  t h e  e m i t t e d  a lp h a  p a r t i c l e ’s  e n e r g y .
2 .2 .1  T h e  c a s e  f o r  b a c k w a r d  a n g l e s .
D ie u m e g a rd  [1979] a d v o c a te d  t h e  d e t e c t io n  o f  p r o to n s  a t  b a c k w a r d  a n g le s  a s  
a n  im p r o v e m e n t  o n  a l p h a - d e t e c t io n  a t  f o r w a r d  a n g le s  o n  t h e  g r o u n d s  o f  
im p ro v e d  p e r f o r m a n c e ,  t h e  r a t i o n a l e  f o r  w h ic h  is  o u t l in e d  b e lo w .
T h e  r e a c t i o n  p r o d u c t s  a r e  p ro d u c e d  in  t h e  c e n t r e - o f - m a s s  f r a m e  w i th  e q u a l  
a n d  o p p o s i t e ly - d i r e c t e d  m o m e n ta . A s s u c h , t h e  k in e t i c  e n e r g y  i s  s h a r e d  
u n e q u a l ly ,  a c c o r d in g  t o  t h e  r e l a t i o n
a r i s i n g  f r o m  c l a s s i c a l  e n e r g y  a n d  m o m e n tu m  r e l a t i o n s ,  w h e r e  E ^  a n d  E ^  a r e  
t h e  p r o to n  a n d  a l p h a  p a r t i c l e  e n e r g ie s ,  r e s p e c t iv e ly ,  a n d  m ^  a n d  m ^  a r e
t h e i r  r e s p e c t i v e  m a s s e s .  F ro m  th e  Q -v a lu e  o f  1 8 .3 5 2  MeV [D ie u m e g a rd ,
1979], t h e  r e s p e c t i v e  k in e t i c  e n e r g ie s  o f  p r o to n  a n d  a lp h a  p a r t i c l e  a r e
14.661 MeV a n d  3 .6 9 1  MeV f o r  a n  in c id e n t  He e n e rg y  o f  0  MeV. A s p r o to n s
a r e  m o r e  p e n e t r a t i n g  t h a n  a lp h a  p a r t i c l e s  i t  i s  t h e r e f  o r e  im m e d ia te ly
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c l e a r  t h a t  t h i s  p r o to n  w i l l  h a v e  a  f a r  g r e a t e r  r a n g e  in  m a t t e r  t h a n  th e  
a lp h a  p a r t i c l e .  C o n s e q u e n t ly ,  t h i s  m a k e s  a  b a c k s c a t t e r i n g  a r r a n g e m e n t
p o s s ib le  a s  t h e  p r o to n  w i l l  b e  a b le  t o  e s c a p e  f r o m  g r e a t e r  d e p th s  in  t h e  
s a m p le  t h a n  t h e  a lp h a  p a r t i c l e .
D e te c t in g  t h e  a lp h a  p a r t i c l e  a t  b a c k w a r d  a n g le s  p r o d u c e s  a n  i n f  e r i o r
d e p t h - r e s o lu t io n ;  t h e  a l p h a ’s  e m is s io n  e n e r g y  t o  b a c k w a r d  a n g le s  f r o m  th e  
p o in t  o f  r e a c t i o n  i n c r e a s e s  a s  t h e  b e a m  e n e r g y  f a l l s .  A t a  p o in t  w i th in  
t h e  s a m p le ,  t h e r e f o r e ,  t h e  a lp h a  p a r t i c l e  w i l l  b e  p r o d u c e d  w i th  a  g r e a t e r  
e n e r g y  w h i le  h a v in g  m o r e  m a t e r i a l  t o  t r a v e r s e  t h a n  a n  a lp h a  p a r t i c l e  
p r o d u c e d  a t  a  p o in t  n e a r  t h e  s u r f a c e .  T h e s e  tw o  e f f e c t s  o f  b a c k w a r d  
k in e m a t ic s  a n d  e n e r g y - lo s s  in  m a t t e r  w i l l  p a r t i a l l y  c a n c e l  o u t ,  r e s u l t i n g  
in  a  n a r r o w  a lp h a  p a r t i c l e  e n e r g y - s p e c t r u m .  C o n v e rs e ly , in  t h e  f o r w a r d  
d i r e c t io n ,  t h e s e  e f f e c t s  c o m b in e  t o  s p r e a d  t h e  s a m e  a l p h a - s p e c t r u m  o v e r  a  
g r e a t e r  e n e r g y - r a n g e ,  g iv in g  a  s h a r p e r  r e s o lu t io n  a n d  e x p la in in g  L a n g le y ’s  
c h o ic e  o f  m e th o d .
W hen d e t e c t in g  t h e  p r o to n s ,  h o w e v e r ,  th e y  h a v e  s u c h  a  h ig h  k in e t i c  e n e r g y  
t h a t  t h e y  lo s e  v i r t u a l l y  n o  e n e r g y  in  t r a v e r s i n g  a  f e w  m ic r o n s  o f
m a t e r i a l .  T h e i r  f i n a l  e n e r g y  a t  t h e  p o in t  o f  d e t e c t io n  i s  t h e r e f o r e  o n ly  a  
f u n c t i o n  o f  t h e  b e a m  e n e r g y  a t  t h e  p o in t  o f  r e a c t i o n  a n d  t h e  a n g le  o f
d e t e c t io n  w i th  r e s p e c t  t o  t h e  b e a m  d i r e c t io n .  T h e  d e p th  i n f  o r m a t io n  is  
c a r r i e d  p r e d o m in a n t ly  b y  t h e  e n e r g y - lo s s  o f  t h e  b e a m  io n  t o  t h e  p o in t  o f  
r e a c t io n .  R e s o lu t io n  d u e  t o  e n e r g y - lo s s  a n d  k in e m a t ic s  i s  s im i l a r  a t  a l l  
a n g le s .
F o r  t h e  l a r g e s t  p r o b e - d e p th ,  w h ic h  i s  a c h ie v e d  u s in g  a  n o r m a l  in c id e n c e ,
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t h e  m e c h a n ic s  o f  s a m p le  a n a ly s i s  p o in t  s t r o n g ly  t o w a r d s  a  b a c k s c a t t e r in g  
c o n f ig u r a t io n .  T h e  s i t u a t i o n  i s  s im i l a r  t o  t h a t  o f  s c a t t e r i n g  a n d  
t r a n s m is s io n  e l e c t r o n  m ic ro s c o p y ;  d e t e c t io n  in  t h e  f  o r w a r d  d i r e c t io n  
r e q u i r e s  a  t h i n  s a m p le  t o  a l lo w  t h e  s ig n a l  t o  r e a c h  t h e  d e t e c to r ,  
r e s u l t i n g  in  f r a g i l e  s a m p le s .
A p o s s ib le  a r g u m e n t  in  f a v o u r  o f  a  f o r w a r d  s c a t t e r i n g  a r r a n g e m e n t  w a s  t h a t  
o f  r e a c t i o n  c r o s s - s e c t i o n ;  a  s ig n i f i c a n t ly  l a r g e r  c r o s s - s e c t i o n  f o r  e i t h e r  
c o n f ig u r a t io n  w o u ld  e n s u r e  a  h ig h e r  c o u n t - r a t e  a t  t h e  d e t e c to r ,  s a v in g  
t im e  a n d  m o n e y . A c o m p a r is o n  o f  t h e  c r o s s - s e c t i o n s  w a s  t h e r e f o r e  p e r f o r m e d  
t o  v e r i f y  th i s .  Y a r n e l l  [1953] h a s  m e a s u r e d  t h e  c r o s s - s e c t i o n  o f  t h e
d (3H e ,p )4H e r e a c t i o n  a t  a  l a b o r a t o r y  a n g le  o f  8 6 °  f o r  3H e - e n e rg ie s  b e tw e e n
4 0 0  a n d  1 300  keV , a s  s h o w n  in  F ig u r e  2 .1 . W h ils t  t h e  a n g le  u s e d  in  t h e  
p r e s e n t  w o rk  w a s  t h e  b a c k w a r d  a n g le  o f  165°, F ig u r e  2 .1  s h o w s  t h a t  t h e  
c r o s s - s e c t i o n s  a t  t h e  tw o  a n g le s  d i f f e r  o n ly  s l ig h t ly .  T h is  s u g g e s ts  a  
q u a s i - i s o t r o p i c  e m is s io n  o f  r e a c t i o n  p r o d u c t s ,  w h ic h  i s  e x p la in e d  b y  th e
la r g e  Q -v a lu e  o f  t h e  r e a c t io n .  T h e  p r o d u c t s  s h a r e  c i r c a  18 MeV w h ile  t h e  
b e a m  e n e r g y  i s  t y p ic a l ly  n e a r e r  1 MeV. A s s u c h , t h e  v e lo c i ty  o f  t h e
c e n t r e - o f - m a s s  i s  a  m in o r  c o r r e c t i o n  t o  t h e  p r o d u c t s ’ v e lo c i ty  v e c to r s .
An e x p e r im e n ta l  a s p e c t  t h a t  f a v o u r s  p r o to n  d e t e c t io n  a t  b a c k w a r d  a n g le s  is  
t h e  a n g u l a r  d e p e n d e n c e  o f  a  r e a c t i o n  p r o d u c t ’s  e n e rg y . L a n g le y  [19741 
d e m o n s t r a te s  t h a t  d E /d 0  i s  c o n s id e r a b ly  s m a l le r  in  t h e  r e g io n  o f  170° t h a n  
i t  i s  a t  a r o u n d  6 0 °  t o  t h e  b e a m  d i r e c t io n .  F ig u re  2 .2  s h o w s  t h i s  t o  a l s o  
b e  t h e  c a s e  f o r  p r o to n s .  T h is  i s  a  s t r o n g  a r g u m e n t  in  f a v o u r  o f  u s in g  
b a c k w a r d  a n g le s  a s  t h e  p h y s ic a l  d im e n s io n  o f  th e  d e t e c t o r  w i l l  in d u c e  le s s  
o f  a n  e n e r g y - s p r e a d  a t  t h e  d e t e c t o r .  A l a r g e r  d e t e c t o r  c a n  t h e r e f o r e  b e
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Figure 2.1: Reaction cross-sections versus energy 
taken from Yarnell, 1953 (top) and this work.
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u s e d ,  e n s u r in g  a  h ig h e r  c o u n t - r a t e ,  w i th o u t  t h e  n e e d  t o  r e s t r i c t -  t h e  
a n g u la r  a c c e p ta n c e  b y  m e a n s  o f  a  p in h o le  o r  s l i t .
P r o to n  d e t e c t io n  i s  l e s s  o p e n  t o  c o n f  u s in g  e v e n ts  a r i s i n g  f  ro m  o th e r  
r e a c t io n s ,  e s p e c ia l ly  in  m ix e d - e le m e n t  s a m p le s  w i th  s ig n i f i c a n t  
c o n c e n t r a t io n s  o f  l i g h t  e le m e n ts .  I n t e r a c t i o n s  b e tw e e n  3H e a n d  th e  
e le m e n ts  L i, B e a n d  B c a n  p r o d u c e  a l p h a - e n e r g i e s  s im i l a r  t o  t h o s e  a r i s i n g  
f r o m  d e u te r iu m  r e a c t io n s .  P r o to n  e n e r g ie s  p ro d u c e d  b y  th e s e  r e a c t io n s  do  
n o t  o v e r la p  w i th  th o s e  f r o m  d e u te r iu m ,  t h e r e b y  e n s u r in g  s p e c t r a  f r e e  f r o m  
d i s t o r t i o n  b y  " f a l s e "  c o u n ts .
T h e  r e a c t i o n  i s  a  b r o a d  r e s o n a n c e ,  p e a k in g  a t  7 0  m i l l ib a r n s  p e r  s t e r a d i a n  
( m b / s r )  a t  a n  e n e r g y  o f  6 5 0  keV  H e la b  e n e r g y  a n d  a t  a l l  t im e s  g r e a t e r  
t h a n  2 0  m b / s r  f o r  t h e  r a n g e  q u o te d .  S om e o f  t h e  r e a c t io n s  m e n tio n e d  a b o v e  
l e a d in g  to  " f a l s e "  c o u n ts  h a v e  c r o s s - s e c t i o n s  o f  t h e  o r d e r  o f  1 m b / s r  
[D ie u m e g a rd , 1979] a n d  c a n  t h e r e f o r e  b e  a  c o n f u s in g  e le m e n t .  In  d e u t e r a t e d  
m a t e r i a l s  c o n ta in in g  l i g h t  e l e m e n ts  s u c h  a s  l i s t e d  a b o v e , i t  i s  e s s e n t i a l  
t o  p r o c e e d  by  d e t e c t in g  t h e  p r o to n s .
In  s u m m a ry , t h e  d e t e c t io n  o f  b a c k s c a t t e r e d  p r o to n s  h a s  b e e n  sh o w n  t o  b e  
t h e  s t r o n g e r  c a n d id a te  f o r  t h e  p r o p o s e d  w o rk  a n d  th e  f o l lo w in g  s e c t io n  
w i l l  s h o w  h o w  t h e  te c h n iq u e  a s  a  w h o le  i s  a p p l ie d  t o  t h e  t a s k  o f  m e a s u r in g  
d i f f u s io n  in  p o ly m e rs .
2.2.2 Interpreting the energy-scale
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e q u a l  a n d  o p p o s i t e ly - d i r e c te d  m o m e n ta . T h is  f r a m e  h a s  a  v e lo c i ty  r e l a t i v e
t o  t h e  l a b o r a to r y  f r a m e  w h ic h  i s  p u r e ly  d e p e n d e n t  o n  t h e  e n e r g y  o f  t h e  
b e a m  io n , a s  t h e  d e u te r iu m  is  t a k e n  t o  b e  a t  r e s t  b y  c o m p a r is o n . T h e
v e lo c i t ie s  o f  t h e  r e a c t io n  p r o d u c t s  s e e n  in  t h e  la b  f  r a m e  a r e  th e
r e s u l t a n t  o f  t h e  a d d i t io n  o f  t h e i r  r e s p e c t i v e  c e n t r e - o f - m a s s  v e lo c i t ie s  
w i th  t h e  v e lo c i ty  o f  t h e  c e n t r e - o f - m a s s  [ F ig u r e  2 .3 ] .
T w o  im p o r t a n t  f e a t u r e s  a r e  w o r th y  o f  n o te  h e r e  t o  f a c i l i t a t e  th e
i n t e r p r e t a t i o n  o f  t h e  te c h n iq u e .  F i r s t l y ,  t h e  e n e r g y  o f  a  r e a c t i o n  p r o d u c t
3
i s  a  f u n c t io n  o f  t h e  H e e n e r g y  a n d  t h e  a n g le  o f  e m is s io n .  T h e  p r o to n  h a s  
a n  e n e r g y  s ig n i f i c a n t ly  l a r g e r  t h a n  t h a t  o f  t h e  b e a m  io n  a n d  is  
i n t r i n s i c a l l y  m o re  p e n e t r a t i n g .  I t  t h e r e f o r e  lo s e s  v e r y  l i t t l e  e n e r g y  o v e r  
t h e  r a n g e  o f  s a m p le  m a t e r i a l  s u f f i c i e n t  t o  s to p  t h e  b e a m  io n . T h is  c a n  b e  
e x te n d e d  to  s a y  t h a t  t h e  p r o to n  e n e r g y  i s  p u r e ly  d e p e n d e n t  o n  th e  a n g le  o f  
e m is s io n  a n d  o n  t h e  e n e r g y  o f  t h e  b e a m  io n  a t  t h e  p o in t  o f  r e a c t io n .
S e c o n d iy , f o r  p r o d u c t s  e m i t t e d  in  a  b a c k w a r d  d i r e c t io n ,  to w a r d s  t h e  b e a m  
s o u r c e ,  t h e  e n e r g y  f a l l s  a s  t h e  b e a m  e n e r g y  in c r e a s e s .  A s t h e  b e a m  io n ’s  
e n e r g y  d e c r e a s e s ,  so  d o e s  t h e  v e lo c i ty  o f  t h e  c e n t r e - o f  - m a s s  in  th e  
l a b o r a t o r y  f r a m e .  T h is  v e lo c i ty  i s  a lw a y s  d i r e c t e d  in  t h e  f o r w a r d  
d i r e c t i o n  a n d  a s  i t s  m a g n i tu d e  f a l l s ,  t h e  b a c k w a r d  c o m p o n e n t o f  t h e  
r e s u l t a n t  in c r e a s e s .  C o n s e q u e n t ly , r e a c t i o n  p r o d u c t s  e m i t t e d  in  a  b a c k w a rd  
d i r e c t i o n  h a v e  a  h ig h e r  k in e t ic  e n e r g y  w h e n  t h e  b e a m  e n e r g y  i s  lo w e r .
So, d u e  t o  t h e  s t r o n g  e x o th e r m ic  n a t u r e  o f  t h e  r e a c t i o n  b e tw e e n  3He a n d  
d e u te r iu m ,  p r o to n s  a r i s i n g  f r o m  e v e n ts  w i th in  t h e  s a m p le  a n d  e m i t te d  in  a
Viewed in the centre-of-mass frame, the reaction products are emitted with
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b a c k w a r d  d i r e c t i o n  a r e  b o th  p r o d u c e d  a n d  a r r i v e  a t  t h e  d e t e c t o r  w i th  m o re  
k in e t i c  e n e r g y  th a n  th o s e  p ro d u c e d  a t  t h e  s a m p le  s u r f a c e .
2 .3  M e a s u r in g  D i f f u s i o n  P r o f i l e s
F ig u r e  2 .4  s h o w s  th e  e x p e r im e n ta l  a r r a n g e m e n t  u s e d  in  t h e  a n a ly s i s  
c h a m b e r .  A d e p t h - p r o f i l e  o f  d e u te r iu m  i s  o b ta in e d  b y  p r o b in g  th e  s a m p le
3 +
w i th  a  b e a m  o f  H e io n s  o b ta in e d  f r o m  a  V an  d e  G r a a f f  g e n e r a t o r .  A n a ly s is  
e n e r g ie s  a r e  ty p ic a l ly  in  t h e  r a n g e  0 .7  -  2  MeV, t h e  u p p e r  l im i t  b e in g  
im p o s e d  b y  t h e  c a p a b i l i t i e s  o f  t h e  g e n e r a t o r  a t  S u r r e y .  B e lo w  0 .7  MeV th e  
r e a c t i o n  c r o s s - s e c t i o n  f a l l s  o f f  s h a r p ly ,  s e v e r e ly  r e d u c in g  th e  
s e n s i t i v i t y .  E n e r g ie s  in  e x c e s s  o f  2  MeV w o u ld  n o t  e n h a n c e  t h e  te c h n iq u e ’s 
p e r f o r m a n c e .  On t h e  c o n t r a r y ,  i t  w i l l  b e  s h o w n  b e lo w  t h a t  d e p th - r e s o lu t io n  
g r o w s  w o r s e  a b o v e  1.5 MeV.
T h e  s a m p le  c o n s i s t s  o f  a  d e u t e r a t e d  p o ly m e r  d i f f u s e d  in to  a  h y d ro g e n o u s  
p o ly m e r  s u c h  t h a t  t h e r e  i s  a  d e u te r iu m  c o n c e n t r a t i o n - p r o f i l e  n o r m a l  t o  th e  
s a m p le  s u r f a c e  [ F ig u re  2 .5 ] .  A d e t a i l e d  a c c o u n t  o f  s a m p le  p r e p a r a t i o n  is
3 +
p r e s e n t e d  in  C h a p te r  4 . A H e io n  e n t e r in g  t h e  s a m p le  c a n  u n d e rg o  a
n u c l e a r  r e a c t i o n  w i th  a  d e u te r iu m  a to m , in i t i a l l y  f o r m in g  a  co m p o u n d  
5
e x c i t e d  s t a t e  o f  L i w h ic h  th e n  b r e a k s  u p  in to  a n  a lp h a  p a r t i c l e  a n d  a
p r o to n .
A s i l ic o n  s u r f a c e  b a r r i e r  d e t e c t o r  i s  p la c e d  a t  a  b a c k w a r d  a n g le  t o  d e t e c t  
t h e  p r o to n s  a n d  t h e  a lp h a  p a r t i c l e s  p ro d u c e d  by  r e a c t i o n s  b e tw e e n  b e a m
io n s  a n d  d e u te r iu m  in  t h e  s a m p le . T h e  d e t e c t o r  i s  e s s e n t i a l l y  m a d e  u p  o f
40
Fi
gu
re
 
2.4
: 
Sc
he
m
at
ic
 
dia
gra
m 
of 
ex
pe
rim
en
ta
l 
ar
ra
ng
em
en
t.
B i - l a y e r  b e f o r e  a n n e a l
D i f f u s e d  S a m p l e
Figure 2.5: Annealing bilayers to induce diffusion.
41
tw o  l a y e r s  o f  s i l ic o n ,  o n e  p - ty p e  a n d  t h e  o th e r  n - ty p e .  A r e v e r s e  b ia s  
v o l ta g e  i s  t h e n  a p p l ie d  t o  t h i s  b i l a y e r  t o  c r e a t e  a  " d e p le t io n  r e g io n " ,  a  
r e g io n  v o id  o f  c h a r g e  c a r r i e r s ,  a r o u n d  t h e  ju n c t io n  b e tw e e n  t h e  tw o  
s i l ic o n  ty p e s .  A ll t h e  b ia s  v o l ta g e  i s  d r o p p e d  a c r o s s  t h e  d e p le t io n  r e g io n  
a n d  t h i s  c a n  le a d  t o  v e r y  lo c a l i s e d ,  h ig h  e l e c t r i c  f i e l d s  w h ic h  e n s u r e  t h e  
r a p i d  s e p a r a t i o n  o f  c h a r g e  c a r r i e r s  a n d  g r e a t l y  r e d u c e s  t h e  c h a n c e s  o f  
r e c o m b in a t io n  a n d  s u b s e q u e n t  lo s s  o f  s ig n a l .  T h e  d e p le t io n  r e g io n  i s  t h e  
s e n s i t iv e  v o lu m e  o f  t h e  d e t e c t o r  a n d , f o r  p u r p o s e s  o f  e n e r g y  m e a s u r e m e n t ,  
i t  i s  d e s i r a b l e  t o  h a v e  a n  in c id e n t  p a r t i c l e  d e p o s i t  a l l  i t s  e n e r g y  in  
t h i s  r e g io n .  T h is  i s  a c h ie v e d  b y  t h e  u s e  o f  r e v e r s e  b i a s e s  o f  s e v e r a l  
h u n d r e d  v o l t s  t o  m a x im is e  t h e  s e n s i t iv e  v o lu m e .
W hen a  p a r t i c l e  e n t e r s  m a t t e r ,  i t  lo s e s  e n e r g y  b y  s e v e r a l  p r o c e s s e s ,  t h e  
m o s t  co m m o n  o f  w h ic h  i s  io n is a t i o n  o f  t h e  a to m s  in  t h e  s to p p in g  m a t e r i a l .  
In  t h e  s i l ic o n  s u r f a c e  b a r r i e r  d e t e c t o r  d e s c r ib e d  a b o v e , t h i s  m a n i f e s t s  
i t s e l f  a s  t h e  c r e a t i o n  o f  io n - h o le  p a i r s .  In  t h e  n o r m a l  s t a t e  o f  s i l ic o n  
th e s e  c a r r i e r s  w o u ld  e v e n tu a l ly  r e c o m b in e  b u t  in  t h e  h ig h - f i e ld  d e p le t io n  
r e g io n  th e y  a r e  p u l le d  a p a r t ,  r a p id l y  s w e p t  a w a y  f r o m  t h e  ju n c t io n  a n d  to  
t h e i r  r e s p e c t i v e  e n d s  o f  t h e  s i l ic o n  b i la y e r .  T h is  s ig n a l  i s  e x p r e s s e d  b y  
t h e  d e t e c t o r  a s  a  v o l ta g e  p u ls e  w h o s e  a m p l i tu d e  d e p e n d s  o n  t h e  n u m b e r  o f  
c a r r i e r s  c r e a t e d  in  t h e  m a t e r i a l  b y  t h e  p a s s a g e  o f  t h e  in c id e n t  p a r t i c l e .
T h e r e  i s  a  s t a t i s t i c a l  f l u c t u a t i o n  in  t h e  n u m b e r  o f  c h a r g e  c a r r i e r s  
p r o d u c e d  b y  a  p a r t i c l e  o f  a  g iv e n  e n e r g y ,  in d e p e n d e n t  o f  p a r t i c l e  ty p e
[K n o ll, 1979]. T h is  r e s u l t s  in  a  r e l a t e d  s p r e a d  in  t h e  p u l s e - h e ig h t s
p r o d u c e d  by  t h e  d e t e c t o r .  In  t h e  i n t e r e s t s  o f  r e s o lu t io n  (w h ic h  i s
d is c u s s e d  a t  le n g th  l a t e r ) ,  i t  i s  d e s i r a b le  t h a t  t h i s  s p r e a d  b e  a s  n a r r o w
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a s  p o s s ib le ,  so  a s  t o  r e d u c e  t h e  u n c e r t a in t y  in  t h e  e n e r g y  o f  a  g iv e n  
e v e n t .  F o llo w in g  P o is s o n  s t a t i s t i c s ,  t h e  u n c e r t a in t y  in  c o u n t in g  N  r a n d o m
d e c r e a s e s  w i th  in c r e a s i n g  N a n d  a  d e s i r a b le  f  e a t u r e  o f  a  d e t e c t in g  
m a t e r i a l  i s  c l e a r ly  t h a t  a  l a r g e  n u m b e r  o f  c h a r g e  c a r r i e r s  b e  g e n e r a te d  
p e r  e v e n t.  S il ic o n  i s  j u s t  s u c h  a  m a t e r i a l  a n d  h a s  t h e r e f  o r e  s e e n  
w id e s p r e a d  a p p l i c a t io n  in  t h e  d e t e c t io n  o f  c h a r g e d  p a r t i c l e s .
A f u r t h e r  c o n s id e r a t io n  w h ic h  a f f e c t s  t h e  c h o ic e  a n d  h a n d l in g  o f  a  
d e t e c t o r ,  i s  t h e  a b i l i t y  o f  t h e  d e t e c t o r  t o  s to p  th e  in c o m in g  p a r t i c l e  in  
t h e  d e p le t io n  r e g io n .  O n ly  in  t h i s  m a n n e r  c a n  th e  f u l l  k in e t i c  e n e r g y  b e  
m e a s u r e d .  T h e  p a r t i c l e s  p r o d u c e d  in  t h e  3H e r e a c t io n  w i th  d e u te r iu m  h a v e  
v e r y  d i f f e r e n t  r a n g e s  in  m a t t e r .  F ig u r e  2 .6  sh o w s  th e s e  d i f f e r e n c e s  
[S k y rm e , 19671. I t  c a n  b e  s e e n  t h a t  a  t h i n  d e p le t io n  r e g io n  o f  a r o u n d  100  
p m  m ig h t  s to p  t h e  a lp h a  p a r t i c l e s ,  r e g i s t e r i n g  th e  f u l l  e n e r g y  o f  a r o u n d  3  
MeV, y e t  w i l l  o n ly  s lo w  t h e  p r o to n s ,  r e c o r d in g  a  f r a c t i o n  o f  t h e i r  f u l l  
e n e r g y  o f  14 MeV. C o n s e q u e n t ly ,  o n  a n  e n e r g y - f r e q u e n c y  h i s to g r a m ,  th e s e  
s ig n a l s  c o u ld  o v e r la p  a n d  c a u s e  c o n f u s io n .
In  o r d e r  t o  a v o id  t h i s  p r o b le m , a  d e t e c t o r  w i th  a  th ic k  d e p le t io n  r e g io n  
w a s  e m p lo y e d  [ F ig u r e  2 .7 ] .  T h e  d e t e c t o r  u s e d  f o r  t h e  w o rk  p r e s e n te d  h e r e  
w a s  d e p le te d  t o  1 5 0 0  p m , w h e r e a s  s t a n d a r d  s u r f a c e  b a r r i e r  d e t e c t o r s  h a v e  
100  p m  d e p le t io n  r e g io n s  . In  t h i s  m a n n e r ,  t h e  f u l l  k in e t i c  e n e r g ie s  o f  
b o th  p a r t i c l e  ty p e s  w e r e  c o l l e c te d  a n d  t h e i r  r e s p e c t iv e  c o u n t s  w e r e  w id e ly  
re m o v e d  o n  t h e  e n e r g y - s p e c t r u m .
T h e  o u tp u t  p u ls e  f r o m  t h e  d e t e c t o r  i s  r e a d  b y  a  M u lt ic h a n n e l  A n a ly s e r
e v e n ts  i s  s im p ly E x p r e s s e d  a s  a  p e r c e n ta g e ,  t h i s  u n c e r t a in t y
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Figure 2.6: Range-energy curves for various 
particles in silicon ( Skyrme, 1967).
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F i g u r e  2 .7 :  R a n g e s  i n  d e t e c t o r  m a t e r i a l .
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(MCA) after passing through two amplification stages and an 
Analog-to-Digital Converter (ADC). Each channel on the MCA corresponds to 
a narrow range of pulse-heights which, in turn, reflects a range of 
particle energies. The particle energy, for a fixed beam energy, is merely 
a function of the depth at which it was produced. As discussed earlier, 
the number of particles produced with that energy reflects the deuterium 
concentration at that depth. Consequently, while the MCA actually collects 
a frequency distribution of pulse-heights, its display can be interpreted 
as a plot of deuterium concentration against depth.
However, before the display can be interpreted, the channel axis must be
converted to a depth-scale. The initial step in calibrating channel
numbers is to convert channels to energies. The lowest-energy protons
arise from events at the sample surface. From the inelastic kinematics
governing this reaction and an accurate knowledge of the beam energy, this
lowest proton energy, Elow, can be calculated. HE3CALC™ is a TURBOBASIC™P
program written to perf orm such kinematic calculations on inelastic
collisions and is presented in Appendix A. A different beam energy will
give a different Elow, producing counts in different channels.P
Consequently, by collecting spectra at several beam energies, the channels 
corresponding to several specific energies can be obtained. If the 
pulse-amplif ication stages behave linearly, an energy-per-channel 
calibration figure is derived. The linearity of the system can be verified 
using a precision pulse generator.
The next step in converting channels to depth involves knowledge of the 
energy-loss characteristics of the beam ion in matter. Energy-losses of
4 6
various charged particles have been measured for a range of materials and 
energies. Energy-loss with depth, dE/dx, is sometimes expressed in keV per
pm and sometimes as a material-independent quantity, in keV per mg/cm . By
integrating dE/dx over a given depth, the total energy lost in traversing 
that depth of material is obtained and the energy-per-channel figure can 
then be used to identif y the depths to which individual channels 
correspond. As each channel corresponds to a small change in energy, dE/dx 
is assumed to be constant over that change and the ensuing 
channel-to-depth conversion is a close approximation to the real 
situation.
Furthermore, before a spectrum can be said to show a true 
concentration-profile of deuterium with depth, the spectrum must also be 
normalised. This is done in order to remove the effects of beam 
attenuation and of cross-section variation from the data. As the beam 
travels through the sample, ions are removed from the flux by scattering 
and reacting. The effect of scattering is negligible; the ion loses energy 
primarily by interacting with atomic electrons, whose mass is very small 
in comparison. The interaction therefore has very little  effect on the
ion’s trajectory. This is significant, as ions scattered at large angles 
to the beam would not provide "true" depth inf ormation. As the ion flux 
drops, so does the number of counts produced. This decrease is, however, 
an artefact of the technique and does not reflect the 
deuterium-concentration.
Figure 2.1 showed how strongly the reaction cross-section varies with 
energy. An incident beam of, for example, energy 1300 keV would lose
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energy on traversing the sample, passing through the peak in the 
cross-section. An evenly-deuterated sample would show more counts at the 
depth where the beam energy was 650 keV than at the surface. This again 
does not reflect the true physical situation. In order to counteract this, 
an experimental spectrum is always divided by a spectrum obtained from an 
evenly-deuterated sample at the same energy. This act of removing the 
combined effects of attenuation and cross-section variation is known as 
"normalisation".
Two such spectra are presented in Figure 2.8. The "thin" spectrum was 
collected from an annealed bilayer similar to those used in diffusion 
experiments. The "thick" spectrum was collected at the same energy from a 
layer of deuterated polymer of a thickness significantly greater than the 
range of the technique and shows the combined variation of cross-section 
and beam attenuation that will be removed upon division of the "thin" by 
the "thick".
Figure 2.9 shows a spectrum whose axes have been converted and whose 
counts have been normalised. The profile shown is therefore a true 
representation of the deuterium concentration-profile normal to the sample 
surf ace.
The final step in extracting useful information from this technique is to 
measure the diffusion coefficient of the labelled polymer represented by 
the profile. This is achieved by fitting theoretical diffusion-profiles to 
the data and taking the curve with the best fit, as represented by the 
solid line in Figure 2.9. The value of D used to generate this curve is
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then  ta k e n  to  correspond to  th e  re a l s itu a tio n .
Theoretical curves are a convolution of a diffusion-profile with a 
spreading function representing the experimental resolution. The 
diffusion-profile is produced by a solution of Fick’s second law. In a 
rectilinear frame, this law takes the form
ac = p a2c
at dx
where D is a constant, independent of concentration. C is the 
concentration of the diffusing substance, t is time and x is the spatial 
coordinate, in this case the depth normal to the sample surface. A general 
solution to Fick’s second law is
C(x,t) = ^ erf (h-x)
(4Dt)1/2
+ erf (h+x)
(4Dt)1/2
where erf is the error function. A fu ll derivation of this solution is 
presented in Appendix B. This solution gives the concentration of 
diffusant at a given point after a given time, from a starting slab of 
thickness h diffusing into an infinitely-thick sample. The diffusing time 
of a sample is known so the variation of concentration with depth can be 
plotted.
At the sample surface there is an abrupt change in the deuterium 
concentration. This surface "edge" is seen on the experimental spectrum as 
a steep slope or curve, due to the spreading effect of the experimental 
resolution. This final difference between the real situation and the
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experimental representation of that situation is taken into account by 
convoluting the sharp-edged theoretical profile with the 
previously-measured experimental resolution to produce the slope-edged 
experimental profile.
To summarise the steps, then; the effects of beam attenuation and 
cross-section variation are removed, to bring the spectrum closer to the 
real picture. The theoretically-generated profile, which corresponds to
the real deuterium profile in the sample, is then brought to meet the 
spectrum by adding in the resolution.
Finally, the best theoretical f it  is found by varying the diffusion
coefficient and the area under the curve until the least-squares 
difference between theory and experiment is minimised. In this manner one 
obtains a value for D, the diffusion coefficient of the diffusant.
2.4 Measuring the Resolution
The intrinsic resolution of a detector is a measure of its performance and 
therefore gives an indication of its suitability to a given application. 
In the case of polymer diffusion measurements by NRA, this resolution must 
be small compared to the typical diffusion distances measured to guarantee
the accuracy of such measurements. The extraction of diffusion
coefficients from spectra relies on the generation of theoretical
diffusion-profiles by the convolution of a Fickian profile with the 
intrinsic detector resolution.
5 2
Resolution is measured by observing the experimental spread of a signal of 
known width. A deuterated film  of known thickness, from stylus TALYSTEP™ 
measurements (discussed in detail in Chapter 4), is analysed by NRA. At 
the surface, several factors combine to make the film  appear larger on the 
spectrum depth-scale than it  really is. These factors are the intrinsic 
detector resolution, electronic noise and the energy-range seen by the 
detector due to its range of angular acceptance. The energy of a reaction 
product varies with angle of emission as well as depth. A detector with a 
small but finite window w ill accept events from a range of angles, with 
the consequence that an event from depth could have a similar energy to a 
surface event emitted at a slightly different angle. There is therefore a 
trade-off between acceptable angular spread and count-rate.
This angular spread contribution to the resolution can be calculated from
a knowledge of the experimental geometry and several kinematic
dependencies. The angular spread contribution to the depth resolution
expressed in units of depth, A(x)_, is given by0
dE dE dx
A(x)e = deE x A e x d r £ x dET (2-1)p He
where Ep is the proton energy, E^e is the 3He energy, x is the depth and 
A is the angle subtended. A(x) is therefore found by measuring A ,O O 0
calculating the range of proton energies accepted in that angle from one 
event and converting these energies to a depth.
5 3
To keep A(x) small, the various contributions should be minimised. AsU
shown in Figure 2.2, dE /d0 is lowest for large angle. Figure 2.2 also
P
shows how dE^/dEp varies with beam energy and detection angle. It is 
smallest at large angle and low energy. Here the experimenter must balance 
the desire for good resolution with the energy necessary to probe the 
required depth. Once experimental arrangement and method have been chosen, 
this contribution remains constant.
Resolution can be optimised by minimising the lengths of signal-carrying 
cables, which will reduce the capacitance and hence the noise amplitude, 
and by cooling the detector and the preamplifier. Beyond the preamplifier, 
the signal-to-noise ratio has been established and there is no further 
advantage to be derived from cooling. These measures taken, there is a way 
to artificially enhance the depth-resolution; by tilting the sample 
relative to the beam, the depth-profile is then spread over a greater 
sampling depth, automatically spreading f  eatures out on the spectrum 
[Figure 2.10], This is best suited to near-surface profiling as "real" 
depth is greatly reduced in doing this.
The spread due to electronic noise can be measured using a precision pulse 
generator. Highly similar pulses are fed into the amplification system and 
the resulting spread observed on the MCA. The signal should appear in one 
channel but the random addition of noise acts to produce a distribution of 
amplitudes, collected over a number of channels.
These contributions to the total experimental spreading can be removed 
arithmetically to give the intrinsic detector resolution.
5 4
SAMPLE SURFACE
F ig u r e  2 .1 0 :  C o n s e q u e n c e s  o f  a  g l a n c i n g  b e a m  i n c i d e n c e .
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A2 A2 A2 A2A = A + A_ + Aint 0 noise
These can be expressed in channels or converted to depth as done above for 
A(x)0. The resolution is sharpest at the surface. As the beam ions move 
into the sample, they w ill have an increasingly broad spread of energies, 
due to the statistical nature of energy-loss in matter. This effect, known 
as "energy-straggling", serves to blunt the depth-resolution by 
introducing ambiguity into the energy-depth trade-off.
The magnitude of A(x)Q depends on the experimental arrangement and on the 
beam energy used. With the collimator positioned at 100 mm from the sample 
and having a width of 1 mm, the slit subtended an angle of 0.573° at the 
sample. Table 2.1 shows how AE^ (0), the difference in proton energy due to 
this subtended angle, varies with beam energy with the detector placed at 
an angle of 165° to the beam. The values were obtained by postulating a 
reaction taking place at the surface of the sample, defining the angle of 
emission as being either edge of the slit and using HE3CALC to work out 
the proton energy that satisfies these conditions.
AE^ (0) was then converted from an energy-range to a depth-range by
converting proton energy to 3He energy to depth, in keeping with Equation
2.1. Again using HE3CALC™, the energies of 3He ions needed to produce
given proton energies were obtained. In this manner, AE (0), the range ofHe
3He energies corresponding to the detector’s angle of acceptance, was 
calculated. The sample depth to which this corresponded was derived from a 
knowledge of the energy-loss characteristics of 3He in polystyrene
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[Ziegler, 1978; Skyrme, 1967].
Figure 2.11 shows the variation of dE^/dx with He energy. dE^/dx is a 
smoothly varying f  unction, peaking in the region of 500 keV. It is 
dependent on the nature of the ion, the ion’s energy and the chemical
composition of the stopping medium. Stopping-powers were obtained from the 
program STOP™ which, calculates an ion’s energy-loss with depth taking 
into account the three factors listed above.
TMSTOP was then used to determine the near-surface depth that would cause 
the ion to lose AE^e(0), the amount of energy corresponding to the angular 
spread. Table 2.1 shows the final results for the effect on resolution of
the finite detector size expressed as a depth, A(x)0.
THSTOP was also used to produce the results in Table 2.2. These show the 
useful "window" of the technique for a range of beam energies. Below 400 
keV, E^e is almost insufficient to trigger the reaction and the reaction 
cross-section is therefore very small. The range of the technique is
therefore the depth of material required to slow the beam ions to 400 keV. 
Comparing tables 2.1 and 2.2 reveals a trade-off between depth-resolution 
and probe-depth which suggests 700 - 1100 keV as the optimum energy-range 
for analysis. Higher energies only have an application when large 
profiling depths are essential.
Table 2.2 also presents the protons’ energy-loss in traversing the useful 
window and illustrates that this is a negligible fraction of the total
3
3
en erg y  lo s t by th e  He.
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Beam Energy 
(keV)
AE (0) P
(keV)
AEHe
(keV)
A(x)0
(nm)
700 9.9 8.8 36
1 100 12. 0 14.3 70
1500 13. 7 20.4 117.5
2000 15. 3 28.5 194.7
Table 2.1: Energy-dependence of angular contribution to resolution.
EHe
(keV)
Window
(pm)
AE over window P
(keV)
500 0.041 0. 16
700 1.22 4.82
1000 2.57 10.38
1100 3.064 12.42
1500 5.25 21.7
1700 6.49 27. 1
2000 8.45 35.7
Table 2.2: Range of technique as a function of beam energy.
(The window is the depth to reduce beam to 400 keV.)
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In order to find the optimum experimental arrangement, it  was necessary to 
perform depth-resolution measurements under various conditions of beam 
energy of incident angle. The samples prepared for these measurements 
consisted of alternate layers of deuterated polystyrene (d-PS) and 
hydrogenous polystyrene (h-PS). The h-PS layers were invisible to the 
technique and the depth-resolution was measured by comparing the apparent 
d-PS layer thicknesses to their known value, determined prior to analysis 
by TALYSTEP™ stylus measurements.
Figure 2.12 shows a typical spectrum obtained during this exercise. Each 
peak corresponds to an 80 nm layer of d-PS. The intervening h-PS layers 
are 480 nm thick. The left-most peak represents the surface layer of d-PS 
and is clearly the sharpest of the three. As the depth is increased, the 
peaks become increasingly spread, thus becoming less resolved. This 
observation can be quantified by referring to the full-width-half-maximum 
(FWHM) of each peak. The resolution then is obtained by converting the 
FWHM from channels to a depth and removing the known thickness of the d-PS 
layer.
Taking Figure 2.12 as an example, the FWHM of the surface peak is 5.35 
channels. The channel-to-energy conversion factor is 11.12 keV/channel, 
which is calculated f  rom the surf ace channels of spectra collected at 
different beam energies. Thus the FWHM in terms of proton energies is 5.35 
x 11.12 = 59.49 keV. This is converted to a depth using the same approach 
as that used for the angular spread calculation.
The results from several multilayer samples are presented in Table 2.3 and
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EHe
(keV)
Angle
(degrees)
Dep th 
(nm)
Resol ution 
(nm)
1500 90 0 208
904 41 1
1800 419
2630 47 1
3440 43 4
4120 434
4730 416
1100 90 0 188
950 210
1810 194
2600 166
3340 165
700 90 0 127
970 207
1890 193
700 30 0 78
1260 164
700 15 0 23
Table 2.3: Effect of beam energy and angle of incidence 
on measured experimental resolution.
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summarised in Figure 2.13. The final resolution figure presented was 
extracted by removing the effective width of a top-hat distribution from 
the measured d-PS layer thickness, as suggested by Dieumegard [19791. A 
square distribution over the range -0m < x < +<Pm  Has a standard deviation,
cr,, defined by 
<P
2
cr0 20m
r + 0 m  ,1 , 2  x dx = TJ 0 , 3 m
m
with the effective width, W, given by
W = 2.35<r = 1.360rm
The resolution is then given by
2 2 2 A (resolution) = A (measured) -  A (effective)
As the beam travels through the sample depth-resolution is degraded by 
energy-straggling. Some of the resolution measurements in Figure 2.13 bear 
this out whilst in others the resolution actually improves beyond a 
certain depth. This apparent anomaly is caused by the combined effect of
reduced angular spread and slowing of the beam ion. While the former
contribution is negligibly small the latter effect is clearly significant,
owing to the fact, observed above, that depth-resolution is more sharp at 
low energies. From Figure 2.11, the stopping-power increases as the energy 
drops from 2 MeV to 500 keV. As a result, more energy is lost per pm, 
therefore more channels are occupied by the information contained in a 
given pm. By a similar logic to that used in the glancing incidence case,
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the features are more spread out on the energy-scale and are more easily 
resolved.
To summarise, therefore, the experimental resolution is seen to improve 
with decreasing beam energy, further underlining the trade-off between 
performance and required profiling-depth mentioned above. The use of a 
glancing incidence can be used to improve the resolution greatly, bringing 
it  down to 20 nm. This compares favourably with the other techniques 
available for studying polymer diffusion but limits the technique to the 
top 500 nm of a sample.
2.5 Refinements to the technique
The generating and fitting of theoretical curves was carried out by a
• * TMprogram written m TURBOBASIC which is presented and annotated in 
Appendix A. The user enters the names of a diffused spectrum and a thick, 
fully-deuterated spectrum as shown in Figure 2.8. As the firs t spectrum is 
divided by the latter, there exists the danger that division w ill produce 
a large fluctuation in the numbers in channels with very few counts. For 
this reason, curve-fitting is restricted to the range from the surface 
edge to the half-height of the probe lim it ta il-off, where the thick 
spectrum has sufficient counts to ensure that division produces a 
continuous profile.
As discussed earlier in this chapter, the angle of detection is important 
for reasons of energy resolution. The smaller dE/d0, the energy variation
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with angle, the smaller the need for a narrow, angle-specific detector 
window. This means that a larger-area detector can be used at a more 
backward angle, thus giving a higher count-rate. Conversely, the same 
narrow detector can be used at the more backward angle, giving a better 
resolution by accepting a smaller energy-range as a consequence of the 
range of angles subtended at the sample.
The initial diffusion measurements were made using a detector with a 
circular end-window, limiting the angle of detection by means of a slitted 
brass collimator placed over the window [Figure 2.14]. The physical size 
of the detector placed a lim it on the largest angle at which it could be 
placed in the chamber, being 165°. Beyond this, the detector was 
obstructing the beam. An improvement on this was to use an annular 
detector centred on the beam. This had the consequences that a larger 
surface area of detection was used and the angle of detection was now 
close to 175°.
The annular detector also had the ability to be cooled; encased in a 
ceramic bracket, as opposed to the usual practice of mounting in epoxy 
resin, it  was designed to withstand temperatures as low as the boiling 
point of liquid nitrogen. Substantial cooling of the detector is aimed at 
reducing electronic noise; random pulses are caused by thermal energy 
fluctuations exciting valence electrons into the conduction band, 
registering as a signal. These random pulses can coincide with 
charged-particle events, changing the pulse amplitude and inducing a 
spreading of the pulse-height distribution. Lowering the temperature 
greatly reduces the thermal energy available and hence reduces the
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like lih oo d  o f a  spurious ju m p  across th e  band -g ap .
The detector was cooled using a Peltier device [RS 618-724]. This takes 
advantage of the temperature characteristics of a p-n junction to work as 
a heat pump. Upon experiencing a current flow, one side of the device 
grows cold while the other grows warm. The warm side is then placed in 
contact with a large mass of high thermal conductivity, as a heat sink, 
whilst the detector is placed in contact with the cold side. A power input 
of 5 Watts was found to produce a detector temperature of -30° C or 242 
Kelvin. This change of 50 Kelvin f  rom the normal room-temperature 
detection showed a clear reduction in the noise level when monitored on an 
oscilloscope.
2.6 Summary
3  4A technique has been developed to exploit the d( He,p) He reaction to 
profile deuterium-labelled polymer. This technique has been found to 
out-perform other established techniques in terms of the depth-resolution 
achieved and the probe-depth available. The large range enables f  ast 
diffusing species to be observed, such that experiments to be performed at 
higher temperatures than before. Furthermore, the technique produces a 
direct diffusion-profile of the labelled polymer.
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C h a p te r  3: A n  a s s e s s m e n t o f  io n  b e a m  d a m a g e .
The passage of energetic ions through matter is always accompanied by the 
transfer of energy to the material. This transfer can take several forms 
ranging f  rom peripheral electrical interaction, leading to ionization or 
excitation, to direct atomic collision, in which atoms can be displaced
from their molecular sites. Almost all the known forms of interaction have 
at some time been used as the basis for a particle detection system. 
Whilst some of these changes induced by interactions are transient, others 
result in permanent modifications to the material or "damage". In the 
course of any work involving such invasive methods the extent of damage 
must be assessed so that the reliability of the inf ormation obtained can 
be known.
Ion beam techniques are often referred to as being "non-destructive". This
term refers more to the preservation of the information contained in a
sample than to any invulnerability on the part of that sample. If a sample 
repeatedly yields a given result upon successive analyses, then the
technique can be said to be non-destructive.
The thermally and electrically insulating nature of polymers poses
additional problems for their analysis by ion beams. The polymer’s
inability to conduct away the heat generated by the beam leads to
localised heating which can in turn cause diffusion in the sample, thus 
corrupting an existing concentration-profile. Excessive heating can cause 
chemical changes such as graphitisation to take place, resulting in a
black spot at the point of beam incidence.
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As a consequence of its electrically insulating nature, the polymer cannot 
conduct away the localised deposition of charge by the beam and subsequent 
arc discharges to the metal sample-holder can affect the beam’s position 
and energy at the sample surface. It is also very difficult to make
accurate measurements of beam current from an insulating sample.
In the case of electron-beam analysis, which is a low-momentum analogue of 
ion-beam analysis, samples must have a thin surf ace layer of carbon to
earth the sample lest the charge build-up deflect the electron beam. In
ion beam work, the beam energy is much higher than in the case of an 
electron beam and beam deflection is not a major problem. An arc
discharge, however, can seriously damage the sample material as the
electrical energy released during this process is sufficient to drive
chemical reactions in the sample material. This can lead to molecular
rearrangements, altering the nature of the material.
3.1 Measurement of damage
Damage to a polymer chain can express itself in one of two ways; the
carbon-carbon bonds can be broken, leading to fragmentation and a drop in 
molecular weight, or links can be forged between carbons on adjacent
polymer chains, known as "cross-linking". The effect of cross-linking is 
to raise the molecular weight. It is widely accepted that polymer
diffusion coefficients vary inversely with molecular weight. Thus the
effect of the two kinds of damage would be to accelerate or retard
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diffusion, respectively, and the matter of ion-beam damage is therefore of 
great importance to diffusion measurements.
3.1.1 Disappearance of the carbon shake-up satellite
Storp [1985] has used X-ray Photoelectron Spectroscopy (XPS) to study the 
decomposition of organic compounds by ion bombardment. The aromatic ring 
in polystyrene gives rise to a "shake-up satellite" on the high-energy 
side of the Carbon-ls peak. Storp reports the disappearance of this 
satellite after a short period of bombardment with 5 keV Ar+ ions. As the 
aromatic ring is one of the most stable units in organic chemistry, Storp 
extrapolates this observation to assume that all organic compounds are 
easily destroyed by ion bombardment.
5 keV Ar+ ions have very different stopping powers to 1000 keV 3He+ ions, 
so Storp’s findings cannot be assumed to hold for the 3He situation. In 
order to assess this situation independently, XPS spectra were taken from 
a polystyrene sample both before and after exposure to a 5 nA, 1.1 MeV
3 +He beam for 15 minutes, the typical analysis parameters used to extract 
diffusion-profiles. The results are shown in Figure 3.1, which shows the 
XPS spectra in the region of the carbon-ls peak. Most important is the 
complete disappearance of the shake-up satellite after exposure to the 
beam, apparently confirming the destructive nature of the beam technique 
as regards organic units.
7 2
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Binding Energy /  eV
F i g u r e  3 .1 :  X PS s p e c t r a  s h o w i n g  e f f e c t  o f  i o n  b e a m  a n a l y s i s  
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The disappearance of the shake-up satellite could, however, be caused by 
the deposition of carbon on the sample surface during analysis. 
This explanation is supported by the fact that the vacuum used during
3He-d work is worse than that used in XPS work by several orders of 
magnitude. Consequently, it  was difficult to infer the extent of damage 
from the disappearance of the shake-up satellite. The matter of whether 
ion beam analysis causes damage in the sample that is of any consequence 
in the measurement of diffusion-profiles therefore required further 
investigation.
3.1.2 The effect of damage on subsequent diffusion
Brown [1989] has examined the effect of ion beam fluences on several 
polymers, reporting that both cross-linking and gas release take place. 
The efficiency of cross-link formation is expressed as a G-value and was 
found to be the same for the three ions used, Ar+, Ne+ and He+. It would, 
however, be scientifically unsound to extrapolate from Brown’s dose-data
3  +to the He ions used in the present work as the energies used in that 
work were in the range 100-400 keV whereas the energies used in He work 
are in the range 700-2000 keV.
Brown [1989] also studied the effect of increasing ion fluence by 
measuring the change in the molecular weight distribution of a sample of 
polystyrene. Although the appearance of a low molecular weight tail 
testifies to the presence of some chain scission, the significantly 
greater height of the high molecular weight tail shows cross-linking to be
74
by far the more important process. Hence, in the context of a diffused 
sample containing a concentration gradient of material across its depth, 
this result suggests that damage during analysis w ill tend to lock the 
profile in place. Although the sample cannot be diffused further to 
provide further data points, the information contained within it w ill be 
preserved after analysis, enabling the same information to be read 
repeatedly and justifying the "non-destructive" label.
This conclusion was put to the test by repeatedly analysing a diffused 
sample. Each spectrum gave rise to the same, diffusion coefficient, the 
visual differences between the spectra being due to the low counting 
statistics obtained.
An experiment of greater interest would be to observe the effect of 
analysis on the subsequent diffusion in a sample, to assess whether any 
cross-linking taking place was having a noticeable effect.
This experiment was perf ormed by preparing two samples in identical 
fashion, analysing one and then annealing both. The spectra obtained from 
the samples after this treatment are shown in Figure 3.2. The extent of 
diffusion is virtually identical in the two samples, a fact confirmed by 
the close similarity of the diffusion coefficients produced by the 
curve-fits performed on these spectra. This suggests that the damage 
observed by Brown was more likely to affect molecular weight than that
3  •+caused by a 1.1 MeV beam of He . When one considers that Brown was using 
similar total-energy doses of 0.1 MeV 4He+ ions a possible explanation for 
this difference emerges; 0.1 MeV ions deposit their energy more surface-
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locally than their 1.1 MeV counterparts and, as such, the chances of 
activating a cross-link are energetically favoured.
3.1.3 Measuring the extent of cross-linking
An experiment to provide an insight into the number of cross-links being 
formed involved measuring the hydrogen-loss during analysis by studying
3the He backscatter signal. As cross-links are f  ormed by the
transformation of two carbon-hydrogen bonds to a carbon-carbon bond, one 
molecule of is released. This w ill result in a change in the carbon 
backscatter signal, or "carbon edge", which can be used to calculate the 
increasing proportion of carbon in the sample. However, as a polymer
reaches the point at which each molecule contains one cross-link it begins 
to gel. In a polymer with a molecular weight of 100,000 this corresponds 
to losing only one hydrogen in 8000. This minuscule change is not
detectable over the small change in the height of the carbon-edge, in
going from a polymer to a pure carbon sample, which is approximately 237c
It might be possible, however, to measure whether a large number of 
cross-links was forming in the sample. This experiment was therefore
performed by applying a very high beam current of 2 pA, which is three 
orders of magnitude above that usually employed for analysis. Subsequent 
spectra were collected and the heights of the carbon edges were normalised 
to the total charge deposited during each acquisition. Carbon edge-heights 
were measured by averaging the counts in ten channels, starting ten
channels below the edge half-height. A typical backscatter spectrum is
7 7
inc luded as an inset in  F ig u re  3 .3 .
The results, presented in Figure 3.3, show a gradual increase in the 
height of the carbon edge, indicating an increase in the f  raction of 
carbon present in the sample and, consequently, in the number of
cross-links. The scatter in the data and the difficulty inherent in 
measuring current from an insulating material make it  difficult to draw
any firm conclusion from this experiment. However, a least-squares f it  to 
the data indicated an increase in the carbon-edge of 21.7% during the
course of the experiment. Calculations based on stopping-power predict a 
change of 23% in the carbon-edge in the transformation of a (CH)^  polymer 
to pure graphite. The hydrogen-loss data in Figure 3.3 were calculated 
using the firs t carbon edge from the firs t measurement as corresponding to 
pure polymer. Then, by combining the stopping powers of polymer and 
graphite in various ratios to obtain the measured percentage differences 
in the carbon-edge, the composition of the sample was inferred for several 
doses.
The charge or dose to completely graphitise a polystyrene sample was found
to be 5.6 mC. In the course of a typical analysis, a sample would receive
5 pC. By interpolation in Figure 3.3, this was found to correspond to the
loss of 68 hydrogen atoms in 100,000 atoms. As two hydrogen atoms are
assumed to be lost for every cross-link formed, this implies a value of 34
cross-links in 100,000 atoms. As a monomer of polystyrene is C H ,8 8
comprising 16 atoms and weighing 104 mass units, this corresponds to a 
cross-link density of 34 cross-links in 6250 monomers or one in 19,000 
mass units.
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As the calculated cross-link density is identical to the naturally 
occurring entanglement density according to Green [1986] of 19,000, one 
would expect to see an effect on the diffusion characteristics of the 
material after these cross-links have been introduced. In other words, if  
two identically-prepared samples were annealed after one had previously 
been analysed, the extent of diffusion should have been greater in the 
sample that had not been analysed. The similarity of the spectra in Figure
3.2 suggests that this is not the case, implying that the cross-link 
density is lower than that calculated. A possible explanation of this 
observation is that the assumption that hydrogen-loss always leads to 
cross-links is incorrect. The loss of hydrogen atoms from a given backbone 
site may instead bring about the formation of a carbon=carbon double bond. 
There is certainly sufficient energy available to drive this chemical 
change, as shown by the XPS work on the aromatic ring.
3.2 Summary
The work carried out in this section shows that, although the ion beam 
analysis does affect the sample, the effect is minimal and normal 
diffusion proceeds even after a sample has been analysed previously. Storp 
showed that cross-linking was much more likely than chain scission, such 
that extended analysis would tend to lock a concentration-profile in place 
rather than induce further diffusion to blur the information. As such, the 
technique can be said to be non-destructive in the sense defined at the 
beginning of the chapter. Additionally, good experimental practice can 
serve to reduce damage even further, by cooling the sample to reduce 
localised beam heating and by using sufficiently low beam currents for 
charge to leave the sample surface without arcing.
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C h a p t e r  4 ;  M a t e r ia ls  m o d i f i c a t i o n  a n d  s a m p le  p r e p a r a t i o n .
In order to investigate the structure of ionomers of polystyrene by the
3He-d method presented in Chapter 2 it was firs t necessary to develop 
methods of deuterating and sulphonating polystyrene. The presence of
3deuterium in a polymer is required to allow the He-d method to provide 
measurements of the diffusion of that polymer. Sulphonation is the process 
of converting a polymer to an ionomer by the addition of sulphonate 
groups.
Once these processes were established, a system for the preparation of 
bilayer samples for diffusion was developed. These samples were then 
heated to induce diffusion, by being placed in a furnace at a known 
temperature, with the extent of subsequent diffusion being monitored by 
NRA.
4.1 Deuteration of Polystyrene
The aim in deuterating a polymer was to incorporate a significant amount 
of deuterium into each molecule, to allow detection by 3He-d, whilst 
preserving the nature of that molecule. It was important that the process 
of deuterium-labelling should affect neither the molecular weight nor the 
configuration of polymer chains as such changes would alter the chains’ 
diffusion behaviour.
The use of deuterium as a label relies on the fact that deuterons behave
8 2
very similarly to protons in terms of their effect on the stochastic 
movements involved in diffusion or on the forces between molecules. There 
is thought to be some change in the intersegmental forces {Nicholson, 
1989] present as a result of deuteration because some evidence exists of 
an Upper Critical Solution Temperature (UCST) of 120° C [Bates, 1986J. As 
long as diffusion takes place at temperatures well in excess of this 
value, however, the deuterated polystyrene w ill be totally compatible with 
the normal polystyrene matrix [Green, 1986].
The polystyrenes used were monodisperse, which means that they had a very 
narrow molecular weight distribution, so that each molecule would behave 
in a very similar fashion to any other. In this manner, the diffusion of a 
certain molecular weight of polystyrene at a given temperature could be 
measured by interdiff using films of labelled and unlabelled polymer, 
provided molecular architecture is unaffected by the labelling process.
4.1.1 The deuteration reaction
Samples of polystyrene were labelled with deuterium by replacing some of 
the hydrogen atoms in the molecule with deuterium. It was fe lt that direct 
isotope exchange was most likely to preserve the nature of the molecule, 
as deuterium has physical and chemical properties very similar to those of 
hydrogen.
Garnett [1972] has described a method for deuteration using 
organoaluminium dihalide catalysts, whereby rapid exchange of hydrogen
8 3
atoms occurs between aromatic compounds. After dissolving organic 
substrates in benzene-d ,^ which is fully-deuterated benzene, the exchange
reaction was instigated by the addition of a small quantity of
ethylaluminium dichloride (EtAlCl2) as a catalyst with the presence of 
traces of water as a co-catalyst greatly enhancing the rate of reaction. 
The reaction was terminated by the addition of an excess of water.
The suggested mechanism of this reaction is one of electrophilic aromatic 
substitution [Figure 4.1]. It is thought [Garnett, 1971] that the catalyst 
acts as a proton-transfer agent, associating with the II-electrons of the 
aromatic group and de-stabilizing the aromatic ring sufficiently to allow 
electrophilic attack, resulting in the f  ormation of a reaction
intermediate with a hydrogen atom and a deuterium atom attached to the 
same carbon atom on the ring. The catalyst then leaves the ring as two of 
the II-electrons have been drawn to the site of attack and the 
electron-poor ring can no longer form a IT-complex with the catalyst.
Following this development, the more stable delocalised II-electron ring 
reforms by the ejection of the hydrogen atom of the attack site.
The preference of hydrogen-release to deuterium-release is much under 
discussion. One explanation is based on the relative energies of the C-H 
and C-D bonds; the greater mass of deuterium may produce a tighter bond 
with carbon than the lighter hydrogen, making hydrogen-release 
energetically more favourable than deuterium-release. Another explanation 
is based on the statistics dictated by the relative concentrations of 
hydrogen and deuterium in the reaction mixture; a vast excess of deuterium 
w ill ensure a greater likelihood of deuterium being found at exchange
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sites, once equilibrium has been reached.
The yield of this reaction has been assessed quantitatively by Willenberg 
[1976], who finds it to be highly selective for aromatic hydrogen atoms 
and nearly free from steric effects. Replacements of the order of 90% were 
measured in polystyrene by nuclear magnetic resonance (NMR), which 
suggests that the reaction in question w ill indeed produce labelled 
polymers which produce a strong signal when investigated by NRA. These 
measurements also revealed the replacement to have been restricted to the 
five aromatic positions. The ring-specificity of the labelling suggests 
that the reaction is not involving the backbone bonds and is therefore 
unlikely to result in significant molecular weight degradation. This is 
confirmed by molecular weight measurements [Willenberg, 1976] which show 
only small changes in the weight-average molecular weight of the polymer, 
M ,^ and in the monodispersity of the sample.
All deuteration reactions for the present work were carried out under a
dry nitrogen atmosphere in a dry-box in the Department of Chemistry, as
the safe use of (EtAlcy requires a relative humidity of less than 25%.
In a typical preparation, 1 gram of polymer was dissolved in 10 ml of
benzene-d- to which 250 pi of (EtAlCl ) were then added and the mixture 6 2
was stirred for 2 hours, during which time a change in colour from yellow 
to pink was observed. After termination by the addition of water, the 
polymer was precipitated in methanol and any catalytic residuals were 
removed by washing with methanolic hydrochloric acid.
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4 .1 .2  N M R  e v a lu a t io n  o f  d e u te r a t io n .
An analysis of the extent of deuteration achieved was carried out to 
verify that labelling had been successful and had not affected the 
polymer's structure in any way.
The extent of deuteration was examined by proton NMR at 300 MHz. This 
technique measures the frequency and intensity of a magnetic resonance in 
the material under study. In the case of polystyrene, NMR was used to 
examine the resonances of C-H bonds. The frequency at which the bond 
resonates is influenced by its magnetic environment and the strength of 
the resonance gives an indication of the number of bonds of that type 
present in the sample. Bonds where hydrogen atoms have been replaced by 
deuterium, no longer contribute to the signal, as carbon-deuterium 
resonates at a different frequency, ca. 45 MHz.
On the styrene ring there are five hydrogen protons; one in the para-, two 
in the ortho- and two in the meta-positions respectively [Figure 4.21. The 
dissociated IT-electron ring current produces an oppositely-directed 
magnetic field to that of the protons and, as a result, these protons 
experience a lower magnetic field than the three in the CH and CH^  groups 
on the polystyrene backbone. The C-H bonds in these positions therefore 
resonate at a different frequency to those in the backbone. Consequently 
one can discriminate between ring and backbone signals on an NMR spectrum 
to gauge any specificity of the deuteration process.
In order to assess the extent of deuteration, a deuterated polystyrene was
87
F i g u r e  4 .2 :  N o m e n c l a t u r e  o f  p o s i t i o n s  o n  s t y r e n e  g r o u p
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compared to its protonated precursor [Figures 4.3 and 4.4]. The strengths 
of the resonances are obtained by integrating the peak areas on the NMR 
spectra. In addition to resolving ring and backbone resonances, it should 
be noted that the ortho signal was resolved from the meta and para 
signals. This is presumably caused by the ortho position’s proximity to 
the region of high electron density at the C-C bond linking the ring to 
the backbone. The peak areas of the proton signals f  rom the three 
resolvable groups of positions are presented in Table 4.1 together with 
the calculated percentages of hydrogen replacement by deuterium.
The ratio of the peak areas in the protonated sample is approximately 
3:2:3, which corresponds to the numbers of protons in the respective 
positions. This confirms that the three regions observed are indeed caused 
by the meta and para positions, the ortho positions and the backbone 
positions , respectively.
Samp 1 e
Relative in tensities 
from positions
of proton signals 
on polymer
para & meta ortho backbone
protonated 2250 1420 2253
deut erat ed 219 93 1990
degree of 
replacement 90. 0% 93.5% 11.7%
Table 4.1: Proton-NMR evaluation of deuteration of polystyrene: 
degree of reduction of hydrogen signal after deuteration.
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It can be seen from these results that the deuteration process used is 
highly ring-specific. As there is little  isotope-exchange occurring along 
the backbone of the polymer the likelihood of the backbone bonds being 
broken is very limited. This is most encouraging as it  suggests that the 
deuterated polymer w ill contain the same number of monomers as its 
precursor and that, consequently, the labelling process w ill be no more 
than just that.
The near-total replacement at the meta and para positions guarantees rapid 
accumulation of NRA spectra. Diffusion experiments were designed such that 
the labelled penetrant concentration in depth would be of the order of 5%. 
In this manner, the labelled polymer was present as a tracer quantity 
whose diffusion behaviour was reflective of the bulk material without 
dictating it. It was therefore important to have a high replacement level 
in order to maximise the nuclear reaction rate for a given concentration 
of labelled polymer whilst simultaneously keeping beam-time per sample to 
a minimum, a desire partly motivated by financial considerations.
This assessment of the yield of the deuteration process was carried out 
for every batch of material that was deuterated. In all cases, the ring 
positions were deuterated in excess of 90% whilst the backbone carbons 
were relatively untouched.
4.1.3 Post-deuteration integrity
The e f fe c t  o f th e  d e u te ra tio n  re a c tio n  on th e  po lym er chains in  te rm s  o f
9 2
the extent of chain break-up, referred to as molecular weight degradation, 
was ascertained by gel permeation chromatography (GPC). This technique is 
used to measure the molecular weight distribution of a polymer by passing 
it  through a column of gel. According to its molecular weight, the polymer 
is retarded differentially; material leaving the column after a given time 
w ill be of a higher molecular weight than material leaving leaving the 
column at a later time.
GPC analyses were performed on a hydrogenated, monodisperse polystyrene 
with a molecular weight of 90,000 ( 90k h-PS ), and on a deuterated sample 
of the same polymer ( 90k d-PS ). The curves obtained for 90k h-PS and 90k 
d-PS [Figure 4.5] are very similar. There is some broadening on the low
molecular weight side but this can be deemed to be negligible as 
significant degradation would give rise to a second peak or to a shoulder 
on the low side of the main peak, indicating a new molecular weight
distribution. All deuterated polymers were checked in this way bef ore
being used in experiments. All the reagents used are listed in
Appendix C.
4.2. Sulphonation of Polystyrene
There are several ways in which sulphonate groups can be introduced into a 
polymer. One method consists of copolymerizing a sulphonated monomer and a 
non-sulphonated monomer to produce a sulphonate-containing copolymer. 
Weiss [1980] has performed emulsion copolymerizations of a sulphonated 
monomer with butadiene and, more recently [1985], of a sodium styrene
9 3
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sulphonate monomer with styrene. The latter preparation is effectively a 
neutralized sulphonate ionomer of polystyrene. There is, however, doubt as 
to the randomness of the ionic content; copoiymerizations of this kind 
frequently result in block copolymers, with a long section of ionic 
material followed by a long section of non-ionic material.
A second approach to sulphonation involves incorporation of sulphonate 
groups into an existing polymer chain. Makowski [1980] has polymerized a 
diene monomer, leaving one bond unsaturated as a site for electrophilic 
attack by a sulphonating agent. Chlodzinski [1971] has carried out 
sulphonations in a chloroform solution, using chlorosulphonic acid as a 
sulphonating agent. Both authors report cross-linking as a significant 
effect of these preparations.
Makowski [1980] has also used acetyl sulphate as a sulphonating agent in a 
chlorinated solvent medium, adding sulphonic acid groups to the aromatic 
group of polystyrene. These groups are then neutralized by means of a 
metal hydroxide or a metal acetate. The sulphonation process takes place 
in homogeneous solution, resulting in a purely random ionic functionality. 
Furthermore, there is no noticeable degradation of the polymer chains 
[Lundberg, 1978] during sulphonation.
Polymers prepared by the firs t and second methods have been compared and 
were found to have significant differences in their thermal 
characteristics [Weiss, 1985; Turner, 1985]. These are attributed to 
fundamental differences in structure, with the distribution of sulphonate 
groups being more random in the sulphonated polystyrene (S-PS) produced by
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acetyl sulphate suiphonation [Fitzgerald, 1988].
4.2.1 The Suiphonation Reaction
For this work, the method using acetyl sulphate as a sulphonating agent 
was used as it was best suited to the starting materials, monodisperse 
fully-saturated polystyrenes. The generation of a truly random ionic 
functionality along the polymer backbone is necessary to avoid biasing the 
onset of ionic aggregation by having ionic material in artificially close 
proximity, as in the case of a block copolymer.
The reaction proceeds by a mechanism of electrophilic aromatic 
substitution, whereby the sulphonating agent attacks the para position on 
a styrene side-group. In this way, the backbone is not involved in the 
reaction and there is little  chance of breaking the backbone or forming 
chemical crosslinks with adjacent backbones, altering the molecular 
weight. The attack is restricted to the para position by a combination of 
steric considerations and the size of the sulphonate group, thus ensuring 
a lim it of one sulphonate group per styrene.
This method was therefore best suited to the starting materials used which 
took the form of monodisperse, fully-saturated atactic polystyrenes. The 
method follows the preparation procedure described by Makowski [1975], 
beginning with the f  ormation of a sulphonic acid and its subsequent 
neutralization with sodium hydroxide to form the sodium sulphonate salt.
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The recipe used is as follows: 1 gram of 90k polystyrene is dissolved in 
40 ml of 1,2 dichloroethane (DCE) in a three-neck flask. The solution is 
heated to 50° C and stirred throughout with the temperature being 
monitored by means of a mercury thermometer introduced via a side-neck. A 
reflux condenser fitted to the top neck minimizes pressure buildup in the 
flask whilst retaining the reagents [Figure 4.6].
Once the solution has reached the desired temperature the sulphonating 
agent, acetyl sulphate, is added. Acetyl sulphate was prepared by mixing 8 
ml of acetic anhydride with 40 ml of DCE, chilling the solution to 5° C 
and adding 3 ml of 98% sulphuric acid. The reaction rate has a first-order 
dependence on the concentration of sulphonating agent present and the 
final extent of sulphonation is therefore varied by using different 
amounts of the latter, typically in the range 0 . 1 - 5  ml. In order to keep 
the total reaction volume invariant from one preparation to the next, the 
required volume of sulphonating agent is always made up to the same volume 
with dichloroethane (DCE). In this way yields can be expected to be in the 
ratio of the amounts of sulphonating agent added.
The sulphonating agent dissociates to produce a sulphur trioxide group, 
S03> which is electrophilic. Attracted by the high electron density of the 
styrene group, the S03 group de-stabilizes the Tl-electron system to form a 
stable reaction intermediate [Figure 4.7]. It does this by taking two 
Tt-electrons to form a bond with one of the ring carbons. The four 
remaining 11-electrons form two double bonds between four of the ring 
carbons, leaving the fifth  with a net positive charge. The formation of 
this reaction intermediate is the rate-limiting step of the overall
97
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substitution reaction as it is endothermic and requires the aromatic ring 
to lose its stabilization energy.
The following reaction step is highly exothermic, as it involves the ring 
regaining its stability, and is the energetic driving f  orce f  or the 
overall substitution reaction. The hydrogen sharing a carbon atom with the 
sulphide group is released as a proton, yielding two electrons to balance 
the net positive ring carbon and regenerate the delocalised ring of 
TT-electrons. The SO^ group balances its charge by covalently bonding a 
proton from the acidic and therefore proton-donating reaction environment. 
The styrene group has become a sulphonic acid styrene group.
The solution is stirred at 50° C for one hour whereupon the reaction is 
terminated by the addition of 20 ml of methanol. The polymer is then 
precipitated by pouring the solution into a large excess of methanol, 
causing the polymer to form a tight gum-like gel. This is dried at 50° C 
overnight under vacuum.
For comparison purposes, some of the sulphonated polymer is retained in 
this sulphonic acid f  orm. The remainder is re-dissolved in DCE and
neutralized to a phenolpthalein end-point with methanolic sodium hydroxide 
(NaOH) [Figure 4.7]. The resulting sodium sulphonate salt of polystyrene
(S-PS) is then precipitated in the same manner as above, dried and stored. 
It was found to be necessary to use methanolic NaOH as its aqueous
analogue induced premature precipitation of the polymer.
Ionomers with different sulphonate contents are prepared by varying the
100
amount of sulphonating agent added. All the reagents used are listed as a 
Chemicals section in Appendix C.
4.2.2 Evaluation of the suiphonation process
An analysis of the extent of suiphonation was carried out after each 
preparation to measure the ionic content of the polymer and to verify that 
suiphonation had not affected the polymer’s structure in any way. 
Measurement of the extent of suiphonation was found to be a non-trivial 
matter; a variety of techniques was employed as some were found to be 
unable to measure the low concentrations of sulphur present.
The extent of molecular weight degradation caused by the suiphonation 
reaction was assessed by GPC in similar fashion to that used to check 
post-deuteration integrity. Figure 4.8 shows the comparison between a 
sulphonated polystyrene and its fully-hydrogenated precursor, in which 
the curves are nearly identical. It can therefore be concluded that the 
molecular weight distribution of the polymer was hardly affected by its 
being sulphonated.
NMR was used to examine the extent of replacement of the para proton by 
sulphonate groups. According to the same logic as that applied to 
deuteration, it  was fe lt that substitution of the hydrogen atom in the 
position with a sulphonate group would remove that bond’s contribution to 
the para peak on the NMR spectrum. No change was measured in the strength 
of the combined para- and meta-peak after suiphonation, suggesting that
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th e  co ncen tra tio n  o f  sulphonate groups in  th e  p a ra  p os ition  w as v e ry  low .
Differential Scanning Calorimetry (DSC) gave the firs t indication that 
sulphonation of the polymer was in fact taking place. In this technique, a 
polymer sample is heated in tandem with a reference sample. The heat flow 
required to maintain the two samples at the same temperature is monitored 
as they undergo a user-specified heating program. Sudden changes in heat 
flow correspond to changes of state in the polymer sample and their 
intensity as well as the temperature at which they take place can be 
identified.
In the case of polystyrene, the glass-transition temperature, T is ag
useful indicator of the state of the polymer. As its name suggests, T isg
the temperature at which the polymer changes from the glassy state to one 
where it behaves more as a super-cooled liquid [Hall, 1981]. It can be 
defined as the point at which the thermal energy is sufficient to induce 
movement of " complete blocks or segments of the polymer chain as local 
entities " [Powell, 1983].
T increases with the molecular weight of a polymer as a consequence ofg
the reduction in chain mobility. In a polymer, the presence of cross-links 
acts to increase its molecular weight. The dipole-dipole interactions 
arising from the presence of ionic groups in the poiymer are thought to 
act in a similar fashion to cross-links, such that an increase in T afterg
sulphonation would indicate successful sulphonation. During the course of 
the present work, early attempts at sulphonation using large quantities of 
sulphonating agent produced polymers with T in the region of 125° C,g
103
whereas T for polystyrene is typically in the range 90-105° C [Brandrup,
g
1975] . From this it was concluded that some form of intermolecular
interaction, analogous to cross-links, was indeed taking place.
Wallace [1971] has studied the effect of sulphonate concentration on the 
T of polystyrene, observing a linear dependence of T on the weightg g
percent of sulphonic acid monomer units. In the range 0 -  15% (monomeric
ionic content), the T increases from 102° to 130° C and this change is8
explained in terms of intermolecular forces of attraction. Wallace’s data
could be used to characterize sulphonate-containing polystyrenes. This 
work has been done for the sulphonic acids prepared during this work, 
together with T^ measurements on the corresponding sulphonate salts. The 
results of this thermal characterization work are presented in the 
following chapter.
Subsequent work with Energy-Dispersive X-ray Analysis (EDAX) on an 
electron microscope confirmed the presence of sulphur in the material, 
although quantification of the sulphur concentration was not possible. 
Figure 4.9 shows an X-ray spectrum obtained by EDAX from a sodium 
sulphonate salt of polystyrene. The peaks due to oxygen, sodium and 
sulphur confirm the presence of these elements in the material. The 
material had previously undergone several dissolutions and precipitations 
in order to remove traces of reagents and had been dried for long periods 
to remove the solvent. It can therefore be concluded that the continued 
presence of these elements is due to their being bonded to the polymer.
In an effort to quantify the sulphur content, the stage of neutralizing
104
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the sulphonic acid to produce the sulphonate salt was performed as a 
meticulous titration. An accurate knowledge of the amount of base needed 
to neutralize the acid would in turn yield an estimate of the number of 
ionic groups present in the material. The results of this exercise are 
presented in Chapter 5.
The sulphur contents of modified polystyrenes were further verified by the 
use of a complementary ion-beam technique, Proton-Induced X-ray Emission 
(PIXE). Figure 4.10 shows the experimental arrangement used for PIXE. The 
proton beam was generated by the same Van de Graaff used to produce the
3He beam for the diffusion work.
Quantification of PIXE data is simplified by the negligible background and 
the corresponding virtual absence of noise. Any quantitative analysis 
must, however, take into account the combined effects of the stopping 
power of the sample material, absorption of induced X-rays and subsequent 
fluorescence. The stopping power dictates the depth-range of the sample 
over which X-rays w ill be produced; the smaller the range, the greater 
w ill be the likelihood of an X-ray escaping from the sample without 
interacting with any atoms in the sample. The probability of an X-ray 
being absorbed depends on the sample composition as do the energies of 
X-rays produced by fluorescence. In order to simplify the analysis, it 
would therefore be desirable to use samples of very similar compositions 
and stopping powers.
Quantifications of sulphur concentrations in s-PS were in fact performed 
by direct comparison with the X-ray yields from standard samples of known
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c o m p o s i t i o n .  T h e  s t a n d a r d s  c o n s i s t e d  o f  k n o w n  b l e n d s  o f  p o l y (  
e t h e r s u l p h o n e  )  ( P E S )  w i t h  p h e n o x y  ( P O ) ,  r a n g i n g  f r o m  1 0 0 %  t o  1 0 %  P E S  
c o n t e n t .  T h e s e  m a t e r i a l s  h a v e  v e r y  s i m i l a r  d e n s i t i e s  a n d  c o m p o s i t i o n s  t o  
s l i g h t l y  s u l p h o n a t e d  p o l y s t y r e n e s .  T h e  n u m b e r  o f  s u l p h u r  X - r a y s  p r o d u c e d  
b y  a  u n i t  i n c i d e n t  c h a r g e  w a s  c o m p a r e d  t o  t h e  k n o w n  s u l p h u r  c o n t e n t  o f  a  
s a m p l e .  S u l p h u r  c o n c e n t r a t i o n s  i n  i o n o m e r s  o f  u n k n o w n  i o n i c  c o n t e n t  w e r e  
t h e n  c a l c u l a t e d  b y  i n t e r p o l a t i o n  o f  t h e i r  X - r a y  y i e l d  o n  t h e  c a l i b r a t i o n  
c u r v e  p r o d u c e d  b y  t h e  P E S / P O  s t a n d a r d s .  T h e  r e s u l t s  o b t a i n e d  b y  b o t h  P I X E  
a n d  t i t r a t i o n  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  c h a p t e r .
A l l  s u l p h o n a t e d  p o l y s t y r e n e s  w e r e  a n a l y s e d  i n  t h i s  m a n n e r  b e f o r e  b e i n g  
u s e d  i n  e x p e r i m e n t s .
T h e  e a r l i e s t  s u l p h o n a t e - s a l t s  t h a t  w e r e  m a d e  p r o v e d  d i f f i c u l t  t o  h a n d l e ,  
p r e c i p i t a t i n g  o u t  o f  s o l u t i o n  p a r t w a y  t h r o u g h  t h e  s u l p h o n a t i o n  r e a c t i o n  
t i m e .  A s  t h e s e  p r e p a r a t i o n s  w e r e  s u b s e q u e n t l y  h a r d  t o  d i s s o l v e ,  f o r  
p u r p o s e s  o f  s a m p l e  p r e p a r a t i o n ,  i t  w a s  c o n c l u d e d  t h a t  t h e  e x t e n t  o f  
s u l p h o n a t i o n  w a s  e x c e s s i v e  a n d  l a t e r  p r e p a r a t i o n s  a i m e d  a t  p r o d u c i n g  m u c h  
l o w e r  c o n c e n t r a t i o n s  o f  s u l p h o n a t e  g r o u p s .  A l t h o u g h  t h i s  e n t a i l e d  
s i g n i f i c a n t  d e v i a t i o n  f r o m  t h e  q u a n t i t i e s  u s e d  b y  M a k o w s k i  1 1 9 7 5 ] ,  i t  
s h o u l d  b e  n o t e d  t h a t  t h e  p r e s e n t  w o r k  a i m s  a t  c a s t i n g  p o l y m e r s  f r o m  
s o l u t i o n  w h e r e a s  M a k o w s k i  w a s  c o n c e r n e d  w i t h  m e l t  p r o c e s s i n g  o f  h i s  
m a t e r i a l s .
4 .3  S a m p le  p r e p a r a t i o n
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S a m p l e s  f o r  d i f f u s i o n  e x p e r i m e n t s S & o n s i s t  o f  t w o  p o l y m e r  l a y e r s  o n  a n  
a l u m i n i u m  t o k e n .  T h e  t o k e n ’ s  f u n c t i o n  i s  t o  p r o v i d e  m e c h a n i c a l  s u p p o r t  f o r  
t h e  p o l y m e r  l a y e r s .  T h e  f i r s t  p o l y m e r  l a y e r  o n  t h e  t o k e n  i s  c a s t  f r o m  
h y d r o g e n a t e d  p o l y s t y r e n e  ( h - P S ) ,  w h i c h  i s  i n v i s i b l e  t o  N R A .  T h e  l a y e r  i s  
p r o d u c e d  b y  r e p e a t e d l y  d r o p p i n g  a  s o l u t i o n  o f  p o l y m e r  i n  t o l u e n e .  T h i s  
l a y e r  o f  " b u l k "  m a t e r i a l  i s  b u i l t  u p  u n t i l  i t  i s  t h i c k e r  t h a n  t h e  r a n g e  o f  
t h e  b e a m  i o n  a t  t h e  a c c e l e r a t o r ’ s  m a x i m u m  e n e r g y ,  s o  t h a t  t h e r e  i s  n o  
c h a n c e  o f  i o n s  r e c o i l i n g  f r o m  t h e  a l u m i n i u m  i n t o  t h e  s a m p l e  a s  t h i s  w o u l d  
p r o v i d e  m i s l e a d i n g  c o u n t s .  A s  t h e  a c c e l e r a t o r  a t  S u r r e y  h a s  a  m a x i m u m  
p o t e n t i a l  o f  2  M V ,  i t  p r o d u c e s  a  m a x i m u m  b e a m  e n e r g y  o f  2  M e V  f o r  t h e
3  +  3  +
s i n g l y - c h a r g e d  H e  i o n .  I t  i s  k n o w n  t h a t  H e  i o n s  w i t h  t h i s  e n e r g y  h a v e  
a  r a n g e  o f  a p p r o x .  8  p m  i n  p o l y s t y r e n e  [ S k y r m e ,  1 9 7 6 ]  a n d  t h e  h - P S  l a y e r  
i s  t h e r e f o r e  b u i l t  u p  t o  a  t h i c k n e s s  o f  m o r e  t h a n  1 0  p m .
I n  o r d e r  t o  d r i v e  o f f  a l l  t r a c e s  o f  s o l v e n t  t h a t  m i g h t  r e m a i n  i n  t h e  
p o l y m e r ,  t h i s  l a y e r  i s  d r i e d  o v e r n i g h t  i n  a n  o v e n  a t  5 0 °  C .  T h e  f i n a l  s t e p  
i n  t h e  p r e p a r a t i o n  o f  t h i s  h - P S  l a y e r  c o n s i s t s  o f  t h e  l a y e r  b e i n g  h e a t e d  
t o  1 7 0 °  C ,  w h i c h  i s  a b o v e  t h e  T  o f  p o l y s t y r e n e ,  i n  o r d e r  t o  a n n e a l  o u tg
a n y  r e s i d u a l  s t r e s s e s  l e f t  i n  t h e  m a t e r i a l  f r o m  t h e  s o l u t i o n  c a s t i n g  o r  
t h e  e g r e s s  o f  s o l v e n t  m o l e c u l e s .
T h e  s e c o n d  l a y e r ,  t o  b e  p l a c e d  o n  t o p  o f  t h e  f i r s t ,  i s  m a d e  f r o m  
d e u t e r a t e d  p o l y s t y r e n e  ( d - P S ) .  I t  i s  i m p o r t a n t  t o  k e e p  t h i s  l a y e r  t h i n  
c o m p a r e d  t o  t h e  w i n d o w  o f  t h e  t e c h n i q u e ,  s o  t h a t  d i f f u s i o n  o f  t h e  d - P S  
i n t o  t h e  h - P S  m a t e r i a l  c a n  b e  o b s e r v e d .  F o r  r e a s o n s  o u t l i n e d  e a r l i e r  i n  
t h i s  c h a p t e r ,  i t  i s  a l s o  d e s i r a b l e  t o  k e e p  t h e  l e v e l  o f  d - P S  i n  t h e  b u l k  
m a t e r i a l  a t  a  t r a c e r  c o n c e n t r a t i o n .  I n  o r d e r  t o  e n s u r e  t r a c e  q u a n t i t i e s  o f
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d - P S  i n  t h e  b u l k  p o l y m e r  d u r i n g  d i f f u s i o n ,  t h i s  l a y e r  i s  k e p t  v e r y  t h i n ,  
t y p i c a l l y  0 . 1  p m .  T h i s  e n s u r e s  t h e  r a p i d  e s t a b l i s h m e n t  o f  a  F i c k i a n  
d i f f u s i o n  p r o f i l e  o v e r  t h e  2  p m  w i n d o w  a v a i l a b l e  u s i n g  N R A .
A  g l a s s  s l i d e  i s  d i p p e d  i n t o  a  s o l u t i o n  o f  d - P S  i n  t o l u e n e  a n d  d r a w n  o u t  
a g a i n ,  b o t h  b y  m e a n s  o f  a n  e l e c t r i c  m o t o r ,  t o  e n s u r e  a n  e q u a l  v e l o c i t y  
t h r o u g h o u t  t h e  d r a w i n g  p r o c e s s .  T h e  s w i t c h i n g  i s  d o n e  r e m o t e l y ,  s o  a s  t o  
m i n i m i z e  t h e  v i b r a t i o n  e x p e r i e n c e d  b y  t h e  s l i d e ,  f o r  f e a r  o f  d a m a g i n g  t h e  
d e l i c a t e  f i l m .  T h e  f i l m  i s  d r i e d  a t  r o o m  t e m p e r a t u r e ,  i t s  t h i n  n a t u r e  
e n s u r i n g  r a p i d  e v o l u t i o n  o f  t h e  s o l v e n t .
T h e  s p e e d  o f  d r a w i n g  i s  o f  p a r a m o u n t  i m p o r t a n c e  i n  g u a r a n t e e i n g  t h e  
f o r m a t i o n  o f  a n  e v e n  f i l m .  A t  s l o w  s p e e d s  t h e  p o l y m e r  r e m a i n s  c l o s e  t o  
t h e  s o l v e n t  e n v i r o n m e n t  l o n g  e n o u g h  t o  a l l o w  i t  t o  f l o w  a n d  f o r m  a  w e d g e  
o n  t h e  s l i d e ,  w i t h  m a t e r i a l  a c c u m u l a t i n g  a t  t h e  b o t t o m  o f  t h e  s l i d e .  A t  
h i g h  s p e e d s ,  t h e  p o l y m e r  i s  r e m o v e d  f r o m  t h e  s o l v e n t  e n v i r o n m e n t  s w i f t l y  
a n d  d r i e s  b e f o r e  s i g n i f i c a n t  f l o w  t o w a r d s  t h e  b o t t o m  o f  t h e  s l i d e  h a s  
t a k e n  p l a c e .  T h e  d r a w i n g  s p e e d  a l s o  a f f e c t s  t h e  f i l m  t h i c k n e s s  w i t h  t h e  
f i l m  t h i c k n e s s  i n c r e a s i n g  w i t h  t h e  d r a w i n g  s p e e d .  T h e  s o l u t i o n  
c o n c e n t r a t i o n  c a n ,  h o w e v e r ,  a l s o  b e  u s e d  t o  c o n t r o l  t h e  f i l m  t h i c k n e s s .  
T h e  c o n d i t i o n s  u s e d  t o  r e p e a t e d l y  p r o d u c e  a n  e v e n  f i l m  o f  0 . 1  p m  t h i c k n e s s  
w e r e  t h e r e f o r e
D r a w i n g  S p e e d  =  0 . 6  ± 0 . 1  c m / s .  S o l u t i o n  c o n c e n t r a t i o n  =  0 . 1  g m / m l
O n c e  t h e  f i l m  o n  t h e  s l i d e  i s  d r y ,  i t  i s  f l o a t e d  o n t o  w a t e r  b y  i n t r o d u c i n g  
t h e  s l i d e  i n t o  a  b e a k e r  o f  d i s t i l l e d  w a t e r  a t  a  n e a r - f l a t  a n g l e .  T h e  f i l m
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i s  t h e n  p i c k e d  u p  o n  t h e  h - P S  l a y e r  a n d  t h e  s a m p l e  i s  a g a i n  d r i e d  a t  5 0 °  
C ,  t o  r e m o v e  t h e  w a t e r .
T h e  t h i c k n e s s  o f  a  d - P S  l a y e r  o n  t h e  s l i d e  i s  m e a s u r e d  b y  a  T A L Y S T E P ™ ,  
w h i c h  c o n s i s t s  o f  a  s e n s i t i v e  s t y l u s  d r a w n  a c r o s s  a  p r e v i o u s l y - m a d e  
s c r a t c h  m a d e  i n  t h e  p o l y m e r  f i l m .  T h e  d r o p  i n  h e i g h t  a s  t h e  s t y l u s  t r a v e l s  
f r o m  t h e  p o l y m e r  t o  t h e  e x p o s e d  g l a s s  c a n  b e  m e a s u r e d  t o  a n  a c c u r a c y  o f  
3 % .  T h e  f i l m  t h i c k n e s s  w a s  m e a s u r e d  a t  d i f f e r e n t  h e i g h t s  o n  t h e  s l i d e  a n d  
w a s  f o u n d  t o  b e  v e r y  u n i f o r m .  T h i s  s h o w s  t h a t  t h e  s o l v e n t  e v a p o r a t e s  v e r y  
q u i c k l y  s u c h  t h a t  t h e  p o l y m e r  c a n n o t  f l o w  d o w n  t h e  s l i d e  a n d  o n e  n e e d  n o t  
b e  c o n c e r n e d  o v e r  w h i c h  p a r t  o f  t h e  f l o a t e d  f i l m  s h o u l d  b e  p i c k e d  u p .
O n c e  t h e  s a m p l e  i s  c o m p l e t e l y  d r y  i t  i s  a n n e a l e d  t o  i n d u c e  i n t e r - d i f f u s i o n  
o f  t h e  h - P S  a n d  d - P S  l a y e r s .  A n n e a l i n g  t a k e s  p l a c e  i n s i d e  a n  e v a c u a t e d  
p y r e x  t u b e  p l a c e d  i n  a  t u b u l a r  f u r n a c e  [ F i g u r e  4 . 1 1 ] .  T h e  f u r n a c e  i s  
a l l o w e d  t o  s e t t l e  t o  t h e  s e l e c t e d  t e m p e r a t u r e  w i t h  t h e  a n n e a l i n g  t u b e  i n  
p l a c e  a n d  t h e  s a m p l e ,  o n  t h e  b o a t ,  a t  t h e  e n d  o f  t h e  t u b e  o u t s i d e  t h e  
f u r n a c e .  O n c e  t h e  d e s i r e d  t e m p e r a t u r e  i s  r e a c h e d ,  t h e  s a m p l e  i s  s l i d  
s w i f t l y  d o w n  t h e  t u b e  t o  t h e  h o t  e n d  o f  t h e  t u b e .  T h e  t u b e  i s  c o n n e c t e d  t o  
a  v a c u u m  p u m p  t h r o u g h o u t ,  a s  p o l y m e r s  c a n  b e  d e g r a d e d  b y  o x y g e n  w h e n  a t  
e l e v a t e d  t e m p e r a t u r e s .  T h e  t e m p e r a t u r e  a t  t h e  e n d  o f  t h e  a n n e a l i n g  t u b e  i s  
m o n i t o r e d  t h r o u g h o u t  b y  a  t h e r m o c o u p l e  a t t a c h e d  t o  a n  a l u m i n i u m  t o k e n  
s i m i l a r  t o  t h e  o n e  s u p p o r t i n g  t h e  d i f f u s i n g  p o l y m e r  b i l a y e r .  T h i s  
r e f e r e n c e  t o k e n  i s  p e r m a n e n t l y  l o c a t e d  a t  t h e  h o t  e n d  o f  t h e  t u b e .
A  f u r t h e r  p r e c a u t i o n  t a k e n  a g a i n s t  t h e  p r e s e n c e  o f  o x y g e n  i n  t h e  t u b e  i s  
p e r f o r m e d  p r i o r  t o  i n t r o d u c t i o n  i n t o  t h e  f u r n a c e  a s  f o l l o w s ;  t h e  t u b e ,
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w i t h  s a m p l e  a n d  b o a t  i n  p l a c e ,  i s  e v a c u a t e d  a n d  t h e n  f i l l e d  w i t h  p u r e  
a r g o n .  W i t h  t h e  t u b e  h e l d  v e r t i c a l l y ,  t h e  a r g o n  w i l l  s i n k  p r e f e r e n t i a l l y ,  
d i s p l a c i n g  t h e  o x y g e n  t o  t h e  t o p ,  w h e r e u p o n  t h e  t u b e  i s  e v a c u a t e d  a  s e c o n d  
t i m e  a n d  t h e n  c o n s t a n t l y  p u m p e d  o u t  d u r i n g  t h e  a n n e a l .
A n n e a l i n g  t i m e s  a r e  d i c t a t e d  b y  t h e  n e e d  t o  o b t a i n  a  d i f f u s i o n - p r o f i l e  i n  
t h e  d e p t h - w i n d o w  a c c e s s i b l e  t o  t h e  t e c h n i q u e .  A n  a n n e a l  t h a t  i s  t o o  l o n g  
w i l l  p r o d u c e  a  f l a t  p r o f i l e ,  f r o m  w h i c h  n o  i n f o r m a t i o n  a b o u t  t h e  d i f f u s i o n  
c o e f f i c i e n t  c a n  b e  o b t a i n e d ,  a s  t h e  l a b e l l e d  m a t e r i a l  h a s  b e e n  e v e n l y  
d i s t r i b u t e d  t h r o u g h o u t  t h e  b u l k  m a t e r i a l .  A n  a n n e a l  t h a t  i s  t o o  q u i c k  w i l l  
n o t  s h o w  a n y  d i f f u s i o n  a t  a l l ,  r e s u l t i n g  i n  a  r e c t a n g u l a r  p r o f i l e .  
E s t i m a t e s  o f  a n n e a l i n g  t i m e s  a r e  b a s e d  o n  a n  a s s u m p t i o n  o f  t h e  o r d e r  o f  
m a g n i t u d e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  a n d  t h e  u s e  o f  t h e  r e l a t i o n
w h e r e  x  i s  a  c h a r a c t e r i s t i c  d i f f u s i o n  d i s t a n c e  a n d  t  i s  t h e  t i m e  o f  
a n n e a l .  T h i s  e x p r e s s i o n  i s  d e r i v e d  f r o m  t h e  s o l u t i o n  t o  F i c k ’ s  s e c o n d  l a w  
p r e s e n t e d  i n  C h a p t e r  2 .  E s t i m a t e s  o f  t h e  o r d e r  o f  m a g n i t u d e  o f  D  a r e  
i n i t i a l l y  d r a w n  f r o m  p u b l i s h e d  v a l u e s ,  n o t a b l y  f r o m  E R D A  w o r k  b y  G r e e n  
[ 1 9 8 6 ] .  I o n o m e r  s a m p l e s  a r e  a n n e a l e d  t o g e t h e r  w i t h  a n  o r d i n a r y  p o l y s t y r e n e  
s a m p l e  a s  a  c o n t r o l  f o r  t i m e s  d e s i g n e d  t o  p r o d u c e  a  d i f f u s i o n  p r o f i l e  o f  
d e u t e r a t e d  m a t e r i a l  o v e r  t h e  f i r s t  2  p m  o f  t h e  s a m p l e ,  s u c h  t h a t  a  b e a m  
e n e r g y  o f  1 . 1  M e V  c a n  b e  u s e d ,  a s  t h i s  g i v e s  t h e  b e s t  r e s o l u t i o n .  A f t e r  
s e v e r a l  s u c h  e x p e r i m e n t s  a  l i b r a r y  o f  D ( P S )  v a l u e s  f o r  r a n g e s  o f  m o l e c u l a r  
w e i g h t  a n d  t e m p e r a t u r e  i s  b u i l t  u p .  T h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  t h e  
f o l l o w i n g  c h a p t e r .
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4 .4  T h e  e x p e r i m e n t a l  c h a m b e r
I m p o r t a n t  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  o f  t h e  e x p e r i m e n t a l  c h a m b e r  w e r e  a s  
f  o l l o w s :
- T h e  c h a m b e r  h a d  t o  a c h i e v e  a  v a c u u m  c o m p a t i b l e  w i t h  t h a t  o f  t h e
3  +
b e a m - l i n e ,  s o  t h a t  t h e  H e  i o n s  c o u l d  r e a c h  t h e  c h a m b e r  w i t h  
m i n i m a l  a t t e n u a t i o n .
- A  s y s t e m  f o r  r a p i d  s a m p l e  c h a n g e - o v e r  w a s  n e c e s s a r y  t o  m a k e  t h e  
b e s t  u s e  o f  a v a i l a b l e  b e a m - t i m e ,  a s  w e l l  a s  e n s u r i n g  t h a t  b e a m  
c o n d i t i o n s  w e r e  s i m i l a r  f o r  c o n s e c u t i v e  s a m p l e s .  S u c h  a  s y s t e m  
m u s t  t h e r e f o r e  n o t  o v e r l y  d e g r a d e  t h e  c h a m b e r  v a c u u m .
- R o t a t i o n  o f  t h e  s a m p l e  t o  a l l o w  g l a n c i n g  i n c i d e n c e s  w o u l d  g i v e
3
a c c e s s  t o  t h e  b e s t  d e p t h - r e s o l u t i o n  a c h i e v a b l e  b y  H e - d .
- T h e  a b i l i t y  t o  c o o l  t h e  s a m p l e  w a s  r e q u i r e d  t o  r e d u c e  b e a m  
d a m a g e  a n d  t o  " f r e e z e "  t h e  d i f f u s e d  m o l e c u l e s  i n  p l a c e  d u r i n g  
a n a l y s i s .
- T h e  o p e r a t o r  h a d  t o  b e  a b l e  t o  o b s e r v e  t h e  s a m p l e  d i r e c t l y ,  t o  
a s s u r e  h i m s e l f  o f  t h e  b e a m ’ s  p o s i t i o n  o n  t h e  s a m p l e ,  s t r i k i n g  
t h e  s a m p l e .
T h e  a n a l y s i s  c h a m b e r  u s e d  f o r  t h e  3 H e  w o r k  i s  l o c a t e d  a t  t h e  e n d  o f  L i n e  2
o f  t h e  V a n  d e  G r a a f f  a r e a  o f  t h e  D . R .  C h i c k  I o n  B e a m  F a c i l i t y  a t  t h e
U n i v e r s i t y  o f  S u r r e y .  T h e  s t a i n l e s s - s t e e l  c h a m b e r  c a n  b e  e v a c u a t e d  t o  a  
p r e s s u r e  o f  1 0  6  t o r r  b y  m e a n s  o f  a n  o i l  d i f f u s i o n  p u m p .  T h e r e  a r e  s e v e r a l
o p e n i n g s  i n  t h e  c h a m b e r  w a l l  w h i c h  g i v e  a c c e s s  t o  t h e  c h a m b e r .  O n e  o f
t h e s e  a l l o w s  t h e  b e a m  t o  e n t e r  t h e  c h a m b e r .  T w o  f l a n g e s  w i t h  l e a d - g l a s s
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s h a p e  a n d  l o c a t i o n  o n  t h e  s a m p l e .  T h e  b e a m  c a n  o n l y  b e  s e e n  w h e n  i t
s t r i k e s  a  f l u o r e s c i n g  m a t e r i a l ,  r e s u l t i n g  i n  a  " b e a m - s p o t " .  F o r t u n a t e l y ,  
p o l y m e r i c  m a t e r i a l s  f l u o r e s c e  i n  t h e  n e c e s s a r y  m a n n e r  a n d  t h e  o p e r a t o r  c a n  
t e l l  w h e n  t h e  b e a m  i s  o n  t h e  t a r g e t .  T h e  b e a m ’ s  s h a p e  i s  i m p o r t a n t  f o r  
r e a s o n s  o f  r e s o l u t i o n ;  b y  t h e  a r g u m e n t s  p r e s e n t e d  i n  c h a p t e r  2 ,  a  n a r r o w  
b e a m  p r o d u c e s  a  b e t t e r  d e p t h  r e s o l u t i o n  t h a n  a  b r o a d  b e a m .
T h e  d e t e c t o r  i s  m o u n t e d  o n  a n  e l e c t r i c a l l y - i n s u l a t e d  s t a n d ,  i n  o r d e r  t o  
p r e v e n t  e a r t h  p i c k u p .  T h i s  p r e c a u t i o n  i s  t a k e n  i n  a n  e f f o r t  t o  m i n i m i z e  
t h e  n o i s e  a n d  t h e r e b y  o b t a i n  g o o d  d e t e c t o r  r e s o l u t i o n .  T h e  s t a n d  i s  b o l t e d  
o n t o  a  r i n g  o n  t h e  f l o o r  o f  t h e  c h a m b e r  w h i c h  r u n s  a r o u n d  t h e  i n n e r  
c i r c u m f e r e n c e  a n d  h a s  b o l t i n g  p o s i t i o n s  e v e r y  f i v e  d e g r e e s .  T h i s  a l l o w s  
t h e  e x p e r i m e n t e r  t o  p l a c e  a  d e t e c t o r  a t  a l m o s t  a n y  a n g l e ,  r a n g i n g  f r o m  a  
v e r y  l a r g e  b a c k s c a t t e r  a n g l e  t o  a  g l a n c i n g  i n c i d e n c e .
T h e  d e t e c t o r  i s  c o o l e d  b y  m e a n s  o f  a  P e l t i e r  d e v i c e  c l a m p e d  b e t w e e n  t h e  
s u p p o r t  c o l u m n  a n d  t h e  d e t e c t o r  h o l d e r  [ F i g u r e  4 . 1 2 ] .  T h e  t w o  p o l y (  
t e t r a f l u r o e t h y l e n e  )  ( P T F E )  l a y e r s  o n  e i t h e r  f a c e  o f  t h e  P e l t i e r  d e v i c e
i n s u l a t e  t h e  d e t e c t o r  f r o m  t h e  c h a m b e r .  W h e n  t h e  a n n u l a r  d e t e c t o r  i s  b e i n g  
u s e d ,  s u g g e s t e d  a s  a n  i m p r o v e m e n t  t o  t h e  t e c h n i q u e  i n  c h a p t e r  2 ,  a  
p r o t e c t i o n  p l a t e  i s  b o l t e d  t o  t h e  s t a n d  u p s t r e a m  o f  t h e  d e t e c t o r .  T h i s
p l a t e  h a s  a  h o l e  c o n c e n t r i c  w i t h  t h e  a n n u l u s  b u t  s m a l l e r  t h a n  t h e  h o l e  i n  
t h e  d e t e c t o r .  I t s  p u r p o s e  i s  t o  p r e v e n t  t h e  b e a m  f r o m  h i t t i n g  t h e  b a c k  o f  
t h e  d e t e c t o r ,  a s  t h i s  w o u l d  d a m a g e  t h e  d e t e c t o r  a n d  i m p a i r  t h e  r e s o l u t i o n .
T h e  d e t e c t o r  i s  b i a s e d  a t  6 0 0  V o l t s  b y  a  N o r t h e r n  E l e c t r i c ™  4 7 0 1  h i g h
w in d o w s a llo w  th e  o p e ra to r  to  look in to  th e  ch a m b e r an d  o b se rv e  th e  b e a m ’s
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e s s
NYLON BOLTS
B S E
DETECTOR
t
PELTIER
SUPPORT
COLUMN
STEEL
SCREWS
PROTECTION
PLATE
T
ADAPTOR
RIM WITH
THREADED
HOLES
CHAMBER
WALL
F i g u r e  4 . 1 2 :  S i d e - v i e w  o f  d e t e c t o r  m o u n t i n g  
a n d  c o o l i n g  s y s t e m .
BEAM TRAJECTORY
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v o l t a g e  s u p p l y  l o c a t e d  i n  a n d  p o w e r e d  b y  a  N u c l e a r  I n s t r u m e n t  M o d u l e  ( N I M )  
b i n .  T h e  s i g n a l  f r o m  t h e  d e t e c t o r  t r a v e l s  o u t  o f  t h e  c h a m b e r  b y  m e a n s  o f  a  
" l e a d - t h r o u g h "  i n  a  P T F E  f l a n g e .  T h i s  f l a n g e  m a t e r i a l  a g a i n  e n s u r e s  t h a t  
t h e  d e t e c t o r ’ s  c a s i n g  i s  i n s u l a t e d  f r o m  t h e  c h a m b e r  e a r t h .  T h e
TM -
p r e a m p l i f i e r ,  a n  O R T E C  M o d e l  1 4 2  A H ,  r e c e i v e s  t h e  s i g n a l  j u s t  o u t s i d e  t h e  
P T F E  f l a n g e ,  f o l l o w i n g  w h i c h  t h e  s i g n a l  t r a v e l s  t o  t h e  m a i n  a m p l i f i e r ,  a n  
O R T E C ™  M o d e l  5 7 2 ,  a n d  t h e n  t o  t h e  m u l t i - c h a n n e l  a n a l y s e r  ( M C A )  i n  t h e  
c o n t r o l  r o o m .  T h i s  a r r a n g e m e n t  e n s u r e s  t h e  m i n i m u m  l e n g t h  o f  c a b l e  b e t w e e n  
t h e  d e t e c t o r  a n d  t h e  p r e a m p l i f i e r  a n d  i s  e s s e n t i a l  t o  m i n i m i z e  e l e c t r o n i c  
n o i s e .
T h e  M C A  c o n s i s t s  o f  a n  E G & G  M a e s t r o ™  m u l t i - c h a n n e l  b u f f e r  ( M C B )  c a r d  
r e s i d e n t  i n  a n  A m s t r a d  1 5 1 2  P C .  T h i s  b u f f e r  r e a d s  p u l s e - h e i g h t s  f r o m  t h e  
d e t e c t o r  b y  m e a n s  o f  a n  a n a l o g - t o - d i g i t a l  ( A D C )  p o r t  b e f o r e  d i s p l a y i n g  a  
c u m u l a t i v e  p u l s e - h e i g h t  f r e q u e n c y  h i s t o g r a m  o n  t h e  s c r e e n .  T h i s  h i s t o g r a m ,  
o r  " s p e c t r u m " ,  c a n  b e  p l o t t e d  a n d  s a v e d  o n  d i s k  f o r  f u t u r e  u s e .
T h e  s a m p l e  i s  p l a c e d  o n  t h e  e n d  o f  a  f i n g e r  p r o t r u d i n g  d o w n  f r o m  t h e  
c h a m b e r  l i d .  T h e  f i n g e r  i s  h o l l o w ,  s o  t h a t  l i q u i d  n i t r o g e n  c a n  b e  p o u r e d  
i n  t o  c o o l  i t ,  a n d  c a n  b e  s w i v e l l e d  t h r o u g h  a  c o m p l e t e  t u r n .  T h e  s a m p l e  i s  
c l a m p e d  t o  a  m e t a l  b l o c k  w h i c h  s l i d e s  o n t o  a  d o v e - t a i l  o n  t h e  e n d  o f  t h e  
f i n g e r .  T h i s  b l o c k  c a n  b e  r e m o v e d  f r o m  t h e  c h a m b e r  b y  m e a n s  o f  a  
r e t r a c t a b l e  a r m  a n d  a  " l o a d - l o c k "  s t a g e .  T h e  l o a d - l o c k  i s  a n  i n t e r m e d i a t e  
c h a m b e r  d e s i g n e d  t o  a l l o w  t h e  r e p e a t e d  i n s e r t i o n  a n d  r e m o v a l  o f  t h e  a r m  
w i t h o u t  d e g r a d i n g  t h e  c h a m b e r  v a c u u m  s i g n i f i c a n t l y .  A  s o r p t i o n  p u m p  i s
- 4
u s e d  t o  a c h i e v e  a  p r e s s u r e  o f  1 0  t o r r  i n  t h e  c o m p a r a t i v e l y  s m a l l  v o l u m e  
o f  t h e  l o a d - l o c k  s u c h  t h a t  t h e  l a t t e r  c a n  t h e n  b e  o p e n e d  t o  t h e  c h a m b e r
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w i t h  n e g l i g i b l e  e f f e c t  o n  t h e  c h a m b e r  v a c u u m .  T h e  a r m  e n d s  i n  a  t h r e a d  
w h i c h  s c r e w s  i n t o  a  h o l e  i n  t h e  b l o c k .  A l l  t h i s  a l l o w s  t h e  e x p e r i m e n t e r  t o  
c h a n g e  s a m p l e s  w i t h o u t  l e t t i n g  t h e  w h o l e  c h a m b e r  u p  t o  a i r ,  t h u s  s a v i n g  a  
g r e a t  d e a l  o f  t i m e  a n d  e x p e n s e .
T h e  d o v e - t a i l  a r r a n g e m e n t  e n s u r e s  t h a t  t h e  c e n t r e  o f  t h e  s a m p l e  i s  i n  l i n e  
w i t h  t h e  a x i s  o f  t h e  s w i v e l  f i n g e r ,  w h e n  t h e  b l o c k  i s  i n  p l a c e .  T h e  f i n g e r  
c a n  t h e r e f o r e  b e  r o t a t e d  w i t h o u t  m o v i n g  t h e  s a m p l e  o u t  o f  t h e  l i n e  o f  t h e  
b e a m .  F u r t h e r m o r e ,  t h e  a r r a n g e m e n t  i s  s u c h  t h a t  t h e  b l o c k  i s  i n  e x a c t l y  
t h e  s a m e  p o s i t i o n  i n  r e l a t i o n  t o  t h e  f i n g e r  b e f o r e  r e m o v a l  a s  a f t e r  
r e - l o a d i n g .  I n  t h i s  m a n n e r ,  t h e  s a m p l e  w i l l  a l w a y s  b e  s t r u c k  b y  t h e  
a n a l y s i n g  b e a m .
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C h a p t e r  5 : R e s u l t s
5 . 1  I n i t i a l  e v i d e n c e  o f  i n t e r - c h a i n  l i n k s  1 2 0
5 . 2  S m a l l  m o l e c u l e  d i f f u s i o n
-  T h e  e f f e c t  o f  i o n i c  c o n c e n t r a t i o n  1 2 1
5 . 3  C h a r a c t e r i z a t i o n  r e s u l t s :  T i t r a t i o n ,  T  a n d  P I X E  1 2 5
g
5 . 3 . 1  A c i d - b a s e  t i t r a t i o n  r e s u l t s  1 2 5
5 . 3 . 2  G l a s s - t r a n s i t i o n  m e a s u r e m e n t s  1 2 7
5 . 3 . 3  P I X E  m e a s u r e m e n t s  1 2 9
5 . 4  D i f f u s i o n  e x p e r i m e n t s  1 3 3
5 . 4 . 1  D i f f u s i o n  b a s e l i n e s  1 3 4
5 . 4 . 2  M e c h a n i s m s  o f  d i f f u s i o n
-  E f f e c t  o f  m o l e c u l a r  w e i g h t  1 3 7
5 . 4 . 3  M e c h a n i s m s  o f  d i f f u s i o n
-  E f f e c t  o f  i o n i c  c o n c e n t r a t i o n  1 4 2
5 . 5  S u m m a r y  1 4 8
P a g e
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C h a p t e r  5 : R e s u l t s
T h i s  c h a p t e r  i s  c o n c e r n e d  w i t h  t h e  r e s u l t s  o f  v a r i o u s  e x p e r i m e n t s  c a r r i e d  
o u t  w i t h  i o n o m e r s .  T h e  f i r s t  t a s k  i n v o l v e d  c h a r a c t e r i s i n g  t h e  v a r i o u s  
i o n o m e r s  t h a t  h a d  b e e n  m a d e  i n  t e r m s  o f  t h e i r  i o n i c  c o n t e n t .  T h i s  w a s  
c a r r i e d  o u t  b y  a  c o m b i n a t i o n  o f  t e c h n i q u e s  w i t h  t h e  a i m  o f  d e t e r m i n i n g  
i o n i c  c o n t e n t  w i t h  g o o d  c o n f i d e n c e ,  i . e .  a c h i e v i n g  a g r e e m e n t  b e t w e e n  
d i f f e r e n t  t e c h n i q u e s ,  a n d  o f  f i n d i n g  t h e  m e t h o d  b e s t  s u i t e d  t o
c h a r a c t e r i s a t i o n .  T h e  s e c o n d  t a s k  w a s  t h e  e x e c u t i o n  o f  d i f f u s i o n  
e x p e r i m e n t s  t o  i n v e s t i g a t e  t h e  a i m s  p r e s e n t e d  i n  c h a p t e r  1 ,  t o  w h i t  t h e  
e l u c i d a t i o n  o f  t h e  c r i t i c a l  i o n i c  c o n c e n t r a t i o n  f  o r  a g g r e g a t i o n ,  t h e  
t h e r m a l  s t a b i l i t y  o f  a g g r e g a t e s  a n d  t h e  m e c h a n i s m  g o v e r n i n g  p o l y m e r
« 3
d i f f u s i o n  i n  i o n o m e r s .  T h e s e  e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g  t h e  H e - d
t e c h n i q u e  d e v e l o p e d  d u r i n g  t h e  c o u r s e  o f  t h i s  w o r k .
5 . 1  I n i t i a l  e v i d e n c e  o f  i n t e r - c h a i n  l i n k s
T h e  f i r s t  e v i d e n c e  o f  a  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  a n  i o n o m e r  a n d  
o r d i n a r y  p o l y s t y r e n e  w a s  o b s e r v e d  d u r i n g  s a m p l e  p r e p a r a t i o n .  T h e  h i g h e r  
i o n o m e r s  w e r e  n o t  s o l u b l e  i n  t o l u e n e  o n c e  t h e y  h a d  b e e n  n e u t r a l i s e d  u n l e s s
a  s m a l l  a m o u n t  o f  m e t h a n o l  w a s  p r e s e n t .  T h i s  c o n f i r m e d  t h e  t h o u g h t  t h a t
s o m e  p a r t s  o f  t h e  c h a i n s  w e r e  p o l a r  i n  n a t u r e .
I t  w a s  a l s o  f o u n d  t h a t  i o n o m e r  f i l m s  o b t a i n e d  b y  d r a w i n g  g l a s s  s l i d e s  f r o m  
s u c h  a  s o l u t i o n  w o u l d  n o t  r e - d i s s o l v e  i n  t o l u e n e ,  s u g g e s t i n g  t h a t  
s o l v e n t - r e s i s t a n t  i n t e r m o l e c u l a r  l i n k s  w e r e  f  o r m e d  a s  t h e  f i l m  d r i e d .
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T h e r e  w a s  t h e r e f  o r e  n o  n e e d  t o  s e e k  t h e  e n e r g y  o f  a c t i v a t i o n  o f  
a g g r e g a t e s ;  t h e  c h a i n s  n e e d e d  o n l y  t o  b e  m o b i l e ,  t o  b e  a b o v e  T  ,  i n  o r d e r
g
t o  a g g r e g a t e .
5 . 2  S m a l l  m o l e c u l e  d i f f u s i o n  -  T h e  e f f e c t  o f  i o n i c  c o n c e n t r a t i o n .
E a r l y  e x p e r i m e n t s  i n  t h i s  w o r k  o n  i o n o m e r s  i n v o l v e d  m e a s u r i n g  t h e  
d i f f u s i o n  o f  s m a l l  m o l e c u l e s  b y  R u t h e r f o r d  B a c k S c a t t e r i n g  ( R B S ) .  T h i c k  
l a y e r s  o f  s u l p h o n a t e d  p o l y s t y r e n e s  w e r e  e x p o s e d  t o  ’ a  v a p o u r  o f  s h o r t - c h a i n  
a l k a n e s  c o n t a i n i n g  a n  i o d i n e  t a g .  R B S  w a s  t h e n  u s e d  t o  e x t r a c t  i o d i n e  
c o n c e n t r a t i o n - p r o f i l e s  n o r m a l  t o  t h e  e x p o s e d  s u r f a c e ,  t h u s  s h o w i n g  t h e  
e x t e n t  o f  p e n e t r a t i o n  b y  s m a l l  m o l e c u l e s  a s  w e l l  a s  t h e i r  r e l a t i v e  a m o u n t s  
[ P a y n e ,  1 9 8 8 ] .  W h i l s t  t h e  p r e s e n c e  o f  t h i s  t a g  m a y  p e r t u r b  t h e  b e h a v i o u r  
s u c h  t h a t  m e a s u r e m e n t s  a r e  n o t  t r u l y  r e p r e s e n t a t i v e  o f  t h e  m o v e m e n t  o f  
s m a l l  m o l e c u l e s ,  t h e  c h i e f  i n t e r e s t  i n  t h i s  w o r k  l i e s  i n  t h e  e x t e n t  t o  
w h i c h  a n  i o n o m e r  s w e l l s  t o  a c c o m m o d a t e  t h e  i n f l u x  o f  s m a l l  m o l e c u l e s  a n d  
t h e  r a t e  a t  w h i c h  t h i s  s w e l l i n g  t a k e s  p l a c e .
P o l y s t y r e n e  h a s  b e e n  s h o w n  t o  e x h i b i t  n o n - F i c k i a n ,  o r  C a s e - I I ,  d i f f u s i o n  
[ M i l l s ,  1 9 8 5 ] ,  w h e r e i n  a  d i f f u s i o n - p r o f i l e  c o n s i s t s  o f  t w o  c o m p o n e n t s ;  a  
F i c k i a n  p r e c u r s o r  i n  t h e  g l a s s y  c o r e ,  f o l l o w e d  b y  a  s h a r p  f r o n t  b e h i n d  
w h i c h  t h e  p o l y m e r  i s  s w o l l e n  a n d  r u b b e r y  a n d  t h e  p e n e t r a n t  c o n c e n t r a t i o n  
i s  n e a r l y  c o n s t a n t .  A t  a  l a t e r  t i m e ,  t h e  f r o n t  w i l l  h a v e  p r o g r e s s e d  t o  a  
g r e a t e r  d e p t h ,  s t i l l  p r e c e d e d  b y  a  F i c k i a n  s l o p e ,  a n d  t h e  c o n c e n t r a t i o n  i n  
t h e  s w e l l e d  r e g i o n  w i l l  h a v e  i n c r e a s e d  w i t h  t h e  u p p e r  l i m i t  b e i n g  t h e  
e x t e r n a l  p e n e t r a n t  a c t i v i t y .  A  f u r t h e r  r e s t r i c t i o n  c a n  b e  i m p o s e d  o n  t h e
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e n t a n g l e m e n t s  o r  c r o s s - l i n k s ,  t h e r e  c o m e s  a  p o i n t  a t  w h i c h  t h e s e
p h y s i c a l l y  r e s i s t  a d d i t i o n a l  s w e l l i n g .  T h e r e f o r e ,  b y  c o m p a r i n g  t h e  
s w e l l i n g  r a t e s  o f  a n  i o n o m e r  a n d  a  n o r m a l  p o l y m e r ,  t h e  p r e s e n c e  o f  s u c h  a n  
e f f e c t  w o u l d  c o n f i r m  t h e  e x i s t e n c e  o f  i n t e r - c h a i n  l i n k s .
T h e  e x p e r i m e n t a l  m e t h o d  u s e d  w a s  s i m i l a r  t o  t h a t  o f  L a s k y  [ 1 9 8 8 1 .  S a m p l e s  
w e r e  s w i f t l y  i m m e r s e d  i n  l i q u i d  n i t r o g e n  a f t e r  e x p o s u r e ,  i n  o r d e r  t o  
f r e e z e  t h e  h i g h l y - m o b i l e  p e n e t r a n t  m o l e c u l e s  i n  p l a c e .  A f t e r  r a p i d
t r a n s f e r  f r o m  t h e  l i q u i d  n i t r o g e n  b a t h  t o  t h e  e x p e r i m e n t a l  c h a m b e r ,  
s a m p l e s  w e r e  m a i n t a i n e d  a t  a  l o w  t e m p e r a t u r e  b y  f i l l i n g  t h e  h o l l o w
c o l d - f i n g e r  w i t h  l i q u i d  n i t r o g e n .
F i g u r e  5 . 1  s h o w s  a n  R B S  s p e c t r u m  o b t a i n e d  f r o m  a  p o l y s t y r e n e  f i l m  e x p o s e d  
t o  i o d o h e x a n e  ( I O H )  a t  r o o m  t e m p e r a t u r e  f o r  2 0  s e c o n d s .  T h e  r i g h t - h a n d  
e d g e  c o r r e s p o n d s  t o  t h e  s a m p l e  s u r f a c e .  T h e  s p e c t r u m  s h o w s  t h e  F i c k i a n  
p r e c u r s o r  p r e c e d i n g  a  C a s e - I I  r e g i o n  o f  a l m o s t  c o n s t a n t  p e n e t r a n t  
c o n c e n t r a t i o n .  T h i s  f l a t  r e g i o n  s h o w s  a  g e n t l e  f a l l - o f f  i n  c o n c e n t r a t i o n  
t o w a r d s  t h e  s u r f a c e  w h i c h  c a n  b e  a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  s c a t t e r i n g  
c r o s s - s e c t i o n  w i t h  f a i l i n g  b e a m  e n e r g y .  T h i s  i s  a n  i n h e r e n t  f e a t u r e  o f  
R B S .  T h e  s m a l l  s h o u l d e r  o n  t h e  s u r f a c e  e d g e  i s  c a u s e d  b y  p e n e t r a n t  
l e a c h i n g  o u t  o f  t h e  p o l y m e r  d u r i n g  t h e  v a r i o u s  t r a n s f e r  s t a g e s ,  t h u s  
e m p h a s i s i n g  t h e  n e e d  f o r  r a p i d  s a m p l e  r e f r i g e r a t i o n  a f t e r  e x p o s u r e .
A n  e x t e n s i o n  o f  t h i s  e x p e r i m e n t  c a n  b e  s e e n  i n  F i g u r e  5 . 2 ,  w h i c h  s h o w s  a  
c o m p a r i s o n  b e t w e e n  t h e  r a t e s  o f  u p t a k e  o f  I O H  b y  t h r e e  i o n o m e r  f i l m s  o f  
d i f f e r i n g  i o n i c  c o n t e n t .  T h e  i o n i c  p e r c e n t a g e s  q u o t e d  i n  F i g u r e  5 . 2  w e r e
s w e llin g  l im it  by th e  n a tu r e  o f  p o ly m er; i f  a  p o ly m e r c o n ta in s
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C h a n n e ls
F i g u r e  5 . 2 :  R B S  s p e c t r a  f r o m  i o n o m e r  f i l m s  o f  d i f f e r i n g  
i o n i c  c o n c e n t r a t i o n  a f t e r  e x p o s u r e  t o  i o d o h e x a n e  
v a p o u r  f o r  6 0  s e c o n d s .
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o b t a i n e d  b y  t h e  c h a r a c t e r i s a t i o n  m e t h o d s  p r e s e n t e d  i n  t h e  f  o l l o w i n g  
s e c t i o n .  T h e  f i l m s  w e r e  e x p o s e d  t o  I O H  s i m u l t a n e o u s l y  f o r  6 0  s e c o n d s  
b e f o r e  b e i n g  f r o z e n  a n d  t r a n s f e r r e d  a s  o u t l i n e d  a b o v e .  T h e  s p e c t r a  s h o w  
t h a t  i n c r e a s i n g  i o n i c  c o n c e n t r a t i o n  r e d u c e s  t h e  r a t e  o f  p e n e t r a n t  u p t a k e ,  
s p e c i f i c a l l y  t h e  f r o n t  v e l o c i t y .  T h i s  s h o w s  t h a t  t h e  p o l y m e r  m o l e c u l e s  
r e s i s t  t h e  t r a n s i t i o n  f r o m  t h e  g l a s s y  t o  t h e  r u b b e r y  s t a t e ,  i m p l y i n g  t h a t  
t h e r e  i s  a n  a d d i t i o n a l  b i n d i n g  e n e r g y  t h a t  m u s t  b e  o v e r c o m e  b e f o r e  t h e y  
w i l l  s w e l l  t o  a c c o m m o d a t e  t h e  i n c o m i n g  s m a l l  m o l e c u l e s .
5 . 3  C h a r a c t e r i z a t i o n  r e s u l t s :  T i t r a t i o n ,  T  a n d  P I X E
g
5 . 3 . 1  A c i d - b a s e  t i t r a t i o n  r e s u l t s
I n  o r d e r  t o  m e a s u r e  t h e  i o n i c  c o n c e n t r a t i o n  i n  a  s a m p l e  o f  s u l p h o n a t e d  
p o l y s t y r e n e ,  t h e  v o l u m e  o f  N a O H  r e q u i r e d  t o  c o m p l e t e l y  n e u t r a l i s e  t h e  p o l y  
( s t y r e n e  s u l p h o n i c  a c i d  /  s t y r e n e )  c o p o l y m e r  r e s u l t i n g  f r o m  t h e  
s u l p h o n a t i o n  r e a c t i o n  w a s  m e a s u r e d  b y  c a r e f u l  t i t r a t i o n .  T h e  r e s u l t s  o f  
t h e s e  t i t r a t i o n s  f o r  t h e  f o u r  i o n o m e r s  u s e d  t h r o u g h o u t  t h e  d i f f u s i o n  
e x p e r i m e n t s  a r e  p r e s e n t e d  i n  T a b l e  5 . 1 .
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P r e p a r a t i o n  
( m l  s u l p h .  a g e n t )
N a O H  u s e d  
( p m o l e s )
I n i t i a l  m a s s  
o f  P S - a c i d  ( m g )
w e i g h t  p e r c e n t  
o f  s u l p h o n i c  a c i d
1 . 0 1 7  2 5 5 0 5 6 2 . 8
0 . 7 8 7 2 5 0 0 3 2 .  1
0 . 3 5  1 7 6 8 5 1 3 . 9
0 .  1 1 7 2 7 7 5 4 .  1
T a b l e  5 . 1 :  R e s u l t s  o f  t i t r a t i o n  o f  s u l p h o n i c  a c i d  w i t h  N a O H .
T h e  s u l p h o n i c  a c i d  w e i g h t  p e r c e n t a g e s  p r e d i c t e d  b y  t i t r a t i o n  e x h i b i t  a  
d e g r e e  o f  c o r r e l a t i o n  w i t h  t h e  a m o u n t  o f  s u l p h o n a t i n g  a g e n t  u s e d .  H o w e v e r ,  
t h e s e  p e r c e n t a g e s  a r e  v e r y  h i g h ,  b e i n g  f i r m l y  i n  t h e  p o l y e l e c t r o l y t e  
r a t h e r  t h a n  i n  t h e  i o n o m e r  r a n g e .  A s  t h e  s u i p h o n a t i o n  s u i p h o n a t i o n  o f  
M a k o w s k i  [ 1 9 8 0  P a t e n t ]  w a s  f o l l o w e d  a s s i d u o u s l y  a n d  t h e  a m o u n t s  o f  
s u l p h o n a t i n g  a g e n t  u s e d  h e r e  w e r e  s m a l l e r ,  i t  s e e m s  e x t r a o r d i n a r y  t o  
o b t a i n  p o l y m e r s  m o d i f i e d  t o  s u c h  a  l a r g e  e x t e n t .  T h e r e f o r e  o n e  m u s t  l o o k  
t o  t h e  m e t h o d  o f  t i t r a t i o n  f o r  a n  e x p l a n a t i o n .
S t a n d a r d  a c i d - b a s e  t i t r a t i o n s  t a k e  p l a c e  i n  a n  a q u e o u s  e n v i r o n m e n t  w h e r e a s  
t h e  n e u t r a l i s a t i o n  o f  p o l y (  s t y r e n e  s u l p h o n i c  a c i d  )  p r e p a r a t i o n s  w a s ,  o f  
n e c e s s i t y ,  c a r r i e d  o u t  i n  a  m i x t u r e  o f  d i c h l o r o e t h a n e  a n d  m e t h a n o l .  A s  
e a c h  o f  t h e s e  s o l v e n t s  i s  s l i g h t l y  a c i d i c  t h e y  m a y  w e l l  h a v e  i n t e r a c t e d  
w i t h  t h e  N a O H ,  s u c h  t h a t  n o t  o n l y  t h e  d i s s o l v e d  a c i d i c  p o l y m e r  b u t  a l s o  
t h e  e n v i r o n m e n t  w a s  b e i n g  n e u t r a l i s e d .  T h i s  w o u l d  e x p l a i n  t h e  
c o m p a r a t i v e l y  l a r g e  q u a n t i t i e s  o f  N a O H  r e q u i r e d  t o  c o m p l e t e l y  n e u t r a l i s e  
t h e  s o l u t i o n .  F u r t h e r m o r e ,  a c i d - b a s e  t i t r a t i o n s  p e r f o r m e d  i n  a  s o l v e n t  
e n v i r o n m e n t  e x h i b i t  a  b r o a d  t r a n s i t i o n  r a n g e  [ C h a r i o t ,  1 9 6 9 ] ,  r e s u l t i n g  i n  
a  l a r g e  u n c e r t a i n t y  i n  m e a s u r i n g  t h e  p o i n t  o f  n e u t r a l i t y .
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T h e s e  m e a s u r e m e n t s  h a v e  t h e r e f o r e  s e r v e d  t o  c o n f i r m  t h e  p r e s e n c e  o f  a c i d  
g r o u p s  i n  t h e  p o l y m e r  a f t e r  s u l p h o n a t i o n  w h i l s t  r e t a i n i n g  s o m e  a m b i g u i t y  
a s  t o  t h e  a b s o l u t e  c o n c e n t r a t i o n s  i n v o l v e d .
5 . 3 . 2  G l a s s - t r a n s i t i o n  m e a s u r e m e n t s
T h e  i o n o m e r  c o n c e n t r a t i o n s  w e r e  c h a r a c t e r i s e d  b y  m e a s u r e m e n t s  o f  t h e  g l a s s  
t r a n s i t i o n  t e m p e r a t u r e ,  T  ,  u s i n g  t h e  t e c h n i q u e  o f  d i f f e r e n t i a l  s c a n n i n g
g
c a l o r i m e t r y  ( D S C )  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  M e a s u r e m e n t s  w e r e  
c a r r i e d  o u t  o n  t h e  s u l p h o n i c  a c i d s  u s i n g  a  M e t t l e r  T C  1 0 A  i n s t r u m e n t .  T h e  
r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  5 . 2  b e l o w  t o g e t h e r  w i t h  t h e i r  
c o r r e s p o n d i n g  i o n i c  c o n c e n t r a t i o n s  o b t a i n e d  b y  i n t e r p o l a t i o n  f r o m  t h e  d a t a  
p u b l i s h e d  b y  W a l l a c e  1 1 9 7 1 ] ,  w h o  o b s e r v e d  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  
w e i g h t  p e r c e n t  o f  s t y r e n e  s u l p h o n i c  a c i d  a n d  T  o f  t h e  f o r m
g
T  =  1 0 2  +  ( 1 8 3  x  w e i g h t % )
g
I o n o m e r  
( m l  s u l p h .  a g e n t )
T  a f t e r  a n n e a l  
s  ( d e g r e e s  C e l s i u s )
S u l p h o n i c  a c i d  
w e i g h t  %
0 1 0 5 . 6  ±  0 . 5 0
0 .  1 a c i d 1 0 3 . 9  ±  0 . 5 1 . 0  ± 0 . 3
0 . 3 a c i d 1 0 5 . 4  ±  0 . 5 1 . 9  ± 0 . 3
0 . 7 a c i d 1 0 6 . 9  ±  0 . 5 2 . 7  ±  0 . 3
1 . 0 a c i d 1 1 0 . 0  ±  0 . 5 4 . 4  ±  0 . 3
T a b l e  5 . 2 :  G l a s s - t r a n s i t i o n  m e a s u r e m e n t s  o f  9 0 k  i o n o m e r s  u s e d  i n
d if fu s io n  e x p e r im e n ts .
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T h e  s a m p l e s  u s e d  f o r  T  m e a s u r e m e n t s  w e r e  a n n e a l e d  a t  1 5 0 °  C  f o r  1 0
g
m i n u t e s ,  t o  r e m o v e  a n y  t h e r m a l  a g e i n g  e f f e c t s  a n d  t r a c e s  o f  s o l v e n t ,  
b e f o r e  b e i n g  r a p i d l y  q u e n c h e d .  F i g u r e  5 . 3  s h o w s  a  t y p i c a l  D S C  t r a c e  w i t h  
t h e  T  t a k e n  a s  t h e  m i d - p o i n t  o f  t h e  s t e p  c h a n g e  i n  t h e  h e a t  f l o w .
g
T h e  s u l p h o n i c  a c i d s  o f  p o l y s t y r e n e  p r e p a r e d  f o r  d i f f u s i o n  e x p e r i m e n t s  w e r e  
c h a r a c t e r i z e d  b y  i n t e r p o l a t i n g  b e t w e e n  t h e i r  m e a s u r e d  T  v a l u e s  a n d  t h e
g
c o r r e s p o n d i n g  w e i g h t  p e r c e n t  o f  s u l p h o n i c  a c i d  c o n t a i n e d  i n  e a c h  u s i n g  t h e  
l i n e a r  r e l a t i o n s h i p  f o u n d  b y  W a l l a c e .  A l l  t h e  p r e p a r a t i o n s  l i e  i n  t h e  
r a n g e  0 - 5  %  i o n i c  m a t e r i a l  b y  w e i g h t  a n d  a r e  t h e r e f o r e  t r u l y  i o n o m e r s .
A n  i n t e r e s t i n g  f e a t u r e  e x i s t s  i n  t h e  f o r m  o f  t h e  i n i t i a l  d e c r e a s e  i n  T
g
r e l a t i v e  t o  u n m o d i f i e d  p o l y s t y r e n e  a t  l o w  i o n i c  c o n t e n t s .  A  p r o b a b l e  
e x p l a n a t i o n  f o r  t h i s  d e c r e a s e  i s  t h e  e f f e c t  o n  t h e  f r e e  v o l u m e  o f  a d d i n g  a  
b u l k y  g r o u p ,  s u c h  a s  S C t y N a ,  t o  t h e  s t y r e n e  s i d e - g r o u p  o f  t h e  p o l y m e r .  
P o l y m e r s  w i t h  s i d e - b r a n c h e s  h a v e  l o w e r  v a l u e s  o f  T  t h a n  t h e i r  l i n e a r
g
c o u n t e r p a r t s ,  d u e  t o  t h e i r  o c c u p y i n g  m o r e  s p a c e  a n d  t h e r e f o r e  r e q u i r i n g  a  
l o w e r  t e m p e r a t u r e  t o  a c h i e v e  t h e  c l o s e  p a c k i n g  r e q u i r e d  t o  c o n f i n e  t h e i r  
s e g m e n t a l  m o t i o n s .  S i m i l a r l y ,  t h e  a d d i t i o n  o f  b u l k y  s u l p h o n a t e  g r o u p s  
i n i t i a l l y  h a s  t h e  e f f e c t  o f  m a i n t a i n i n g  a  g r e a t e r  s e p a r a t i o n  b e t w e e n  
a d j a c e n t  m o l e c u l e s ,  w i t h  t h e  c o n s e q u e n c e  o f  a  r e d u c t i o n  i n  T  .  A s  t h e
g
i o n i c  c o n t e n t  i n c r e a s e s ,  h o w e v e r ,  t h e  e f f e c t  o f  i n t e r m o l e c u l a r  a t t r a c t i o n s  
b e c o m e s  m o r e  s i g n i f i c a n t  t h a n  t h e  e f f e c t  o n  t h e  f r e e  v o l u m e  a n d  t h e  T
g
i n c r e a s e s .  C o n s e q u e n t l y ,  t h e  v a l u e  o f  T  o f  t h e  u n m o d i f i e d  p o l y m e r  d o e s  
n o t  f i t  t h e  l i n e a r  r e l a t i o n  d e s c r i b i n g  t h e  T  v a l u e s  o f  i o n i c  p o l y m e r s .  I t  
s h o u l d  b e  n o t e d  h e r e  t h a t  W a l l a c e  d o e s  n o t  p r e s e n t  a  v a l u e  o f  T  f o r  h i s
g
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\T E M P E R A T U R E  ° C  H E A T  F L O W
E X O T H E R M A L  >
AG P  J / G * K  0 . 2 9 1
G T R A N S  o c  1 0 0 . 6 3
G T R A N S  o c  1 0 3 . 9 6
G T R A N S  o c  1 0 7 . 4 5
Figure 5.3: DSC trace of ionomer acid.
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u n m o d if ie d  p o ly m er.
5 . 3 . 3  P I X E  m e a s u r e m e n t s
P r o t o n - i n d u c e d  X - r a y  e m i s s i o n  ( P I X E )  w a s  u s e d  t o  m e a s u r e  t h e  s u l p h u r  
c o n t e n t  i n  i o n o m e r  s a l t s  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  T h e  r e s u l t s  
o f  t h i s  w o r k  a r e  p r e s e n t e d  i n  T a b l e  5 . 3 .  T h e  c o u n t s  i n  t h e  s u l p h u r  p e a k
w e r e  n o r m a l i s e d  t o  
b e t w e e n  s a m p l e s .
t h e  d e p o s i t e d c h a r g e  t o  e n a b l e d i r e c t  c o m p a r i s o n
S  a m p  1 e C h a r g e ( p C ) S u l p h u r  p e a k  a r e a N o r m a l  i  s e d  
c o u n t s
( P o l y s t y r e n e )
1 . 0  s a l t 1 . 6 7 2 5 6  ±  1 6 1 5 3  ±  1 0
0 . 3  "  " 2 . 9 1 1 9 2  ±  1 4 6 6  ±  5
0 . 1  "  " 5 . 7 3 2 1 2  ±  1 5 3 7  ±  3
( P E S / P O )  
( w e i g h t  % )
1 0 0 / 0 2 . 8 8 1 1 3 4 6  ±  1 0 6 3 9 4 0  ±  3 7
9 0 / 1 0 2 . 8 6 9 2 9 0  ±  9 6 3 2 4 8  ±  3 4
7 0 / 3 0 2 . 8 7 8 1 5 3  ±  9 0 2 8 4 1  ±  3 1
3 0 / 7 0 2 . 8 6 3 1 9 7  ±  5 7 1 1 1 6  ±  2 0
1 0 / 9 0 2 . 8 6 1 3 1 4  ±  3 6 4 6 0  ±  1 3
T a b l e  5 . 3 :  P I X E  r e s u l t s  f r o m  i o n o m e r s  u s e d  i n  d i f f u s i o n  e x p e r i m e n t s
a n d  f r o m  P E S / P O  b l e n d s  u s e d  a s  s t a n d a r d s .
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T h e  e r r o r  i n  m e a s u r i n g  t h e  c h a r g e  i s  l e s s  t h a n  0 . 0 1  f i C  s o  t h e  e r r o r  i n  t h e  
n o r m a l i s e d  c o u n t s  f i g u r e  i s  d o m i n a t e d  b y  t h e  e r r o r  i n  t h e  p e a k  a r e a  w h i c h ,  
b y  P o i s s o n  s t a t i s t i c s ,  i s  t h e  s q u a r e  r o o t  o f  t h e  c o u n t s .
A  c a l i b r a t i o n  c u r v e  b e t w e e n  n o r m a l i s e d  s u l p h u r  c o u n t s  a n d  k n o w n  s u l p h u r  
c o n t e n t  i s  o b t a i n e d  f r o m  t h e  p o l y (  e t h e r s u l p h o n e  )  /  p h e n o x y  ( P E S / P O )  
s t a n d a r d s  ( s u p p l i e d  b y  I . C . I .  W i l t o n ) .  T h i s  c u r v e  i s  d i s p l a y e d  i n  F i g u r e
5 . 4  t o g e t h e r  w i t h  t h e  l i n e  r e s u l t i n g  f r o m  a  l e a s t - s q u a r e s  l i n e a r  f i t  t o  
t h e  p o i n t s .  T h e  s u l p h u r  c o n c e n t r a t i o n s ,  a n d  t h e r e b y  t h e  o v e r a l l  i o n i c  
c o n t e n t s ,  o f  t h e  i o n o m e r s  w e r e  o b t a i n e d  b y  d i r e c t  i n t e r p o l a t i o n  o n  t h e  
c a l i b r a t i o n  c u r v e .
T h e  e v i d e n t  l i n e a r  n a t u r e  o f  t h e  d a t a  e n a b l e d  e x t r a p o l a t i o n  t o  s u l p h u r
c o n c e n t r a t i o n s  b e l o w  t h e  r a n g e  c o v e r e d  b y  t h e  s t a n d a r d s  t o  b e  p e r f o r m e d  
w i t h  c o n f i d e n c e .  F u r t h e r m o r e ,  o n e  w o u l d  e x p e c t  a n y  d e v i a t i o n  f r o m  a  l i n e a r  
r e l a t i o n s h i p  b e t w e e n  c o u n t s  a n d  s u l p h u r  c o n c e n t r a t i o n  t o  o c c u r  a t  h i g h  
s u l p h u r  c o n c e n t r a t i o n s ,  w h e r e  t h e  p r o b a b i l i t y  o f  r e a b s o r p t i o n  o f  s u l p h u r
X - r a y s  m a y  b e  s i g n i f i c a n t .  N o  s u c h  d e v i a t i o n  i s  e x p e c t e d  a t  l o w  s u l p h u r  
c o n c e n t r a t i o n s .
O n c e  t h e  s u l p h u r  c o n c e n t r a t i o n  i s  k n o w n ,  i t  c a n  b e  c o n v e r t e d  t o  e i t h e r  a  
w e i g h t  o r  m o n o m e r  p e r c e n t a g e  f r o m  a  k n o w l e d g e  o f  t h e  c o m p o s i t i o n  o f  t h e  
p o l y m e r s  m a k i n g  u p  t h e  b l e n d .  I n  t h e  c a s e  o f  t h e  s t a n d a r d  s a m p l e s ,  t h e s e
a r e  a  b l e n d  o f  P E S  ( C  O  S H  )  a n d  P O  ( C  O  H  ) .  T h e  i o n o m e r s  a r e  a  b l e n d
1 2  3  8  1 8  3  2 0
o f  P S  ( C  H  )  a n d  s P S  ( C  H  S O  N a ) .  A n  i t e r a t i v e  c a l c u l a t i o n  w a s  u s e d  t o  8 8  8  7  3
f i n d  t h e  P S / s P S  b l e n d  t h a t  c o r r e s p o n d e d  t o  t h e  s u l p h u r  c o n c e n t r a t i o n  
m e a s u r e d  i n  a  g i v e n  i o n o m e r .  T h e  r e s u l t s  a r e  l i s t e d  i n  T a b l e  5 . 4  t o g e t h e r
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.
w i t h  t h e  r e s u l t s  f r o m  t h e  T  m e a s u r e m e n t s ,  b o t h  e x p r e s s e d  i n  t e r m s  o f
g
m o n o m e r  w e i g h t  p e r c e n t  t o  f a c i l i t a t e  c o m p a r i s o n .
P I X E D A T A T  D
g
I o n  i  c
A  T  A
I o n o m e r S u l p h u r I o n i c  m o n o m e r m o n o m e r
( m l .  s u l p h .  a g e n t ) ( p p t ) w e i g h t  % w e i g h t  %
1 . 0
0 . 7
. 5 9  ±  0 . 0 7 5 . 0  ±  0 . 2 4 .  4  
2 .  7
±  0 . 3  
± 0 . 3
0 . 3 . 6 9  ±  0 . 0 4 2 . 2  ±  0 . 2 1  .  9 ±  0 . 3
0 .  1 . 3 8  ±  0 . 0 2 1 . 2  ±  0 . 1 1  .  0 ± 0 . 3
T a b l e  5 . 4 :  S u m m a r y  o f  c h a r a c t e r i z a t i o n  r e s u l t s .
T h e  a b s e n c e  o f  a  P I X E  r e s u l t  f o r  0 . 7  s a l t  i s  d u e  t o  e x p e r i m e n t a l  
d i f f i c u l t i e s  e x p e r i e n c e d  d u r i n g  a n a l y s i s .  N e v e r t h e l e s s ,  t h e  c l o s e  
a g r e e m e n t  o f  t h e  r e s u l t s  f o r  t h e  o t h e r  p r e p a r a t i o n s  s h o w s  t h a t  t h e  d a t a  
f r o m  e i t h e r  P I X E  o r  T  c a n  b e  u s e d  r e l i a b l y  t o  d e t e r m i n e  i o n i c  c o n t e n t .
g
I n  s u m m a r y ,  t h e  i o n o m e r s  t o  b e  u s e d  i n  d i f f u s i o n  e x p e r i m e n t s  h a v e  b e e n  
c h a r a c t e r i s e d  s u c c e s s f u l l y  b y  t w o  s e n s i t i v e  t e c h n i q u e s .  T h e  e f f e c t  o f  
i o n i c  c o n c e n t r a t i o n  o n  p o l y m e r  d i f f u s i o n  c a n  t h e r e f o r e  b e  a s s e s s e d  
q u a n t i t a t i v e l y .
5 . 4  D i f f u s i o n  e x p e r i m e n t s
D i f f u s i o n  e x p e r i m e n t s  a r e  p e r f o r m e d  b y  a n n e a l i n g  a  d P S / h P S  b i l a y e r  t o
133
3
e x t r a c t i n g  a  c o n c e n t r a t i o n - p r o f i l e  o f  d e u t e r i u m  u s i n g  t h e  H e - d  t e c h n i q u e  
d e s c r i b e d  i n  C h a p t e r  2 .  A  v a l u e  f o r  D ,  t h e  d i f f u s i o n  c o e f f i c i e n t ,  i s  
o b t a i n e d  f o r  e a c h  d i f f u s e d  b i l a y e r ,  b a s e d  o n  a  k n o w l e d g e  o f  t h e  a n n e a l i n g  
t i m e .  D  h a s  b e e n  m e a s u r e d  a g a i n s t  c h a n g e s  i n  m o l e c u l a r  w e i g h t ,  a n n e a l i n g  
t e m p e r a t u r e  a n d  i o n i c  c o n c e n t r a t i o n  i n  o r d e r  t o  i n v e s t i g a t e  t h e  q u e s t i o n s  
p o s e d  a t  t h e  i n t r o d u c t i o n  t o  t h i s  w o r k .
T h e  r a n g e  o f  a n n e a l i n g  t e m p e r a t u r e s  i s  d i c t a t e d  i n  e a c h  c a s e  b y  t h e  
c o r r e s p o n d i n g  a n n e a l i n g  t i m e s :  A t  h i g h  t e m p e r a t u r e s ,  o n l y  v e r y  s h o r t  t i m e s  
a r e  r e q u i r e d  l e s t  e x c e s s i v e  d i f f u s i o n  p r o d u c e  a  f l a t ,  a n d  t h e r e f o r e  
u s e l e s s ,  p r o f i l e .  T h e  l o w e r  l i m i t  o n  t h e  t e m p e r a t u r e  i s  s e t  b y  t h e  t i m e  
a v a i l a b l e  f o r  t h e  e x p e r i m e n t .  C o n s e q u e n t l y ,  r e a l i s t i c  a n n e a l i n g  t i m e s  
r a n g e  f r o m  s e v e r a l  m i n u t e s  t o  s e v e r a l  d a y s .
A  f u r t h e r  c o n s i d e r a t i o n  i n  d e t e r m i n i n g  a n n e a l i n g  t i m e s  i s  t h e  d e p t h - r a n g e
3
o f  t h e  H e - d  t e c h n i q u e .  A s  c o n c l u d e d  i n  C h a p t e r  2 ,  t h e  o p t i m u m  c o n d i t i o n s  
f o r  a n a l y s i s  u s e  a  b e a m  e n e r g y  o f  1 . 1  M e V  w h i c h  p r o v i d e s  a  d e p t h - ' w i n d o w "  
o v e r  a p p r o x i m a t e l y  2  p m .  I t  i s  t h e r e f o r e  d e s i r a b l e  t o  o b t a i n  a  
d i f f u s i o n - p r o f i l e  o v e r  t h i s  d i s t a n c e  i n  o r d e r  t o  t a k e  m a x i m u m  a d v a n t a g e  o f  
t h e  s h a r p  r e s o l u t i o n  o f  t h e  t e c h n i q u e  i n  t h e s e  c o n d i t i o n s .
5 . 4 . 1  D i f f u s i o n  b a s e l i n e s
T h e  s e l f - d i f f u s i o n  c o e f f i c i e n t s  o f  t w o  m o l e c u l a r  w e i g h t s  o f  p o l y s t y r e n e ,  
9 0 , 0 0 0  ( 9 0 k )  a n d  1 , 8 0 0 , 0 0 0  ( 1 . 8 M ) ,  w e r e  m e a s u r e d  o v e r  a  r a n g e  o f
in d u ce  d if fu s io n  an d  su b se q u e n tly  a s s e s s in g  th e  e x te n t  o f  d if fu s io n  by
134
t e m p e r a t u r e s  t o  e s t a b l i s h  b a s e l i n e s  a g a i n s t  w h i c h  t o  c o m p a r e  s u b s e q u e n t  
e x p e r i m e n t s  w i t h  i o n o m e r s .  A n  i o n o m e r  d i f f u s i n g  n o t i c e a b l y  m o r e  s l o w l y
t h a n  t h e  u n m o d i f i e d  p o l y m e r  w o u l d  i n d i c a t e  t h e  p r e s e n c e  o f  a n  i n t e r a c t i o n  
b e t w e e n  p o l y m e r  m o l e c u l e s  o v e r  a n d  a b o v e  n o r m a l  f r i c t i o n  a s  d e s c r i b e d  i n  
C h a p t e r  1 .
A l l  i o n o m e r s  w e r e  m a d e  f r o m  9 0 k  p o l y s t y r e n e  a n d  t h e i r  d i f f u s i o n  i s  
c o m p a r e d  t o  t h a t  o f  u n m o d i f i e d  9 0 k  p o l y s t y r e n e  a s  a n  u p p e r  l i m i t .  A n  
i o n o m e r  d i f f u s i n g  a t  a  s i m i l a r  r a t e  t o  u n m o d i f i e d  9 0 k  p o l y s t y r e n e  w o u l d
t h e r e f o r e  b e  a d j u d g e d  t o  b e  e x p e r i e n c i n g  n o  a d d i t i o n a l  i n t e r - c h a i n  
i n t e r a c t i o n s  d u e  t o  t h e  p r e s e n c e  o f  i o n i c  m a t e r i a l .  S i g n i f i c a n t  
a g g r e g a t i o n  w o u l d ,  h o w e v e r ,  i n c r e a s e  t h e  e f f e c t i v e  m o l e c u l a r  w e i g h t  o f  t h e
c h a i n s ,  s u c h  t h a t  i o n o m e r  d i f f u s i o n  w o u l d  o c c u r  a t  a  r a t e  s i m i l a r  t o  a
p o l y m e r  o f  a  h i g h e r  m o l e c u l a r  w e i g h t .  T h e  d i f f u s i o n  b a s e l i n e  o f  1 . 8 M  
u n m o d i f i e d  p o l y s t y r e n e  i s  t h e r e f o r e  p r e s e n t e d  a s  a  v e r y  l o w  l e v e l  o f  
d i f f u s i o n ,  t h e  m o l e c u l e s  b e i n g  2 0 0  t i m e s  a s  l o n g  a s  t h o s e  i n  t h e  i o n o m e r s .
T h e  r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  5 . 5  a n d  F i g u r e  5 . 5 .  T h e  s o l i d  l i n e s  
i n  F i g u r e  5 . 5  a r e  e x t r a p o l a t i o n s  f r o m  t h e  d a t a  b a s e d  o n  l i n e a r  f i t s  t o  
A r r h e n i u s  p l o t s .  T h i s  e x t r a p o l a t i o n  i s  j u s t i f i e d  b y  t h e  e x c e l l e n c e  o f  
l i n e a r  f i t s  t o  t h e  d a t a .
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T e m p e r a t u r e  
( C e 1 s  i u s )
D i f f u s i o n  C o e f f i c i e n t  ( D  
( c m 2 / s )
9 0 k  1 . 8 M
)
s
1 5 0 3 . 2 X i o ~ 1 3  * 7 . 9 X i o - 1 6
1 6 0 5 . 5 X 1 0 “ 1 3  * 1 . 4 X i o “ 1 5
1 7 0 9 . 6 X 1 0 ~ 1 3  * 2 . 4 X i o " 1 5
1 7 5 1 . 3 X i o " 1 2 3 .  1 X i o ~ 1 5
1 8 4 1 . 9 X i o ' 1 2  * 4 . 8 X i o - 1 5
1 8 8 2 . 9 X 1 0 “ 1 2  * 7 . 2 X i o - 1 5
1 9 4 3 . 2 X 1 0 “ 1 2  * 8 . 0 X
1 Q - 1 S
2 0 0 5 . 0 X i o " 1 2 1 . 3 X o
1 >-
*
2 5 3 *  5 . 6 X i o - 1 1 1 . 4 X 1 0 - 1 3
2 7 9 *  1 . 6 X to o
1 >“
* o
3 . 9 X i o " 1 3
3 2 2 *  6 . 8 X 1 0  1 0 1 .  7 X i o " 1 2
3 6 8 *  2 . 6 X i o - 9 6 . 6 X 1 0 - 1 2
*  d e n o t e s e x t r a p o  1 a t  i o n
T a b l e  5 . 5 :  D i f f u s i o n  b a s e l i n e  d a t a  f o r  9 0 k  a n d  1 . 8 M .
5 . 4 . 2  M e c h a n i s m s  o f  d i f f u s i o n  -  E f f e c t  o f  m o l e c u l a r  w e i g h t
T h e  m o l e c u l a r  w e i g h t - d e p e n d e n c e  o f  s e l f - d i f f u s i o n  i n  p o l y s t y r e n e  w a s  
m e a s u r e d  a n d  c o m p a r e d  t o  t h e  m o d e l s  p r o p o s e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  
w o r k .  S a m p l e s  c o n s i s t e d  o f  d P S / h P S  b i l a y e r s  o f  i d e n t i c a l  m o l e c u l a r  w e i g h t s  
r a n g i n g  f r o m  9 0 k  t o  1 . 8 M  a n n e a l e d  a t  1 7 0 °  C .  T h e  r e s u l t s ,  p r e s e n t e d  i n  
F i g u r e  5 . 6 ,  a r e  c o m p a r e d  t o  t h e  c u r v e  p r e d i c t e d  b y  t h e  r e p t a t i o n  m o d e l ,
0 . 0 0 8
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*
w h e r e  D  i s  t h e  c e n t r e - o f - m a s s  d i f f u s i o n  c o e f f i c i e n t .  T h e  v a l u e  0 . 0 0 8  
h a s  b e e n  m e a s u r e d  b y  m a r k e r - m a r k e r  d i s p l a c e m e n t  m e t h o d s  [ G r e e n ,  1 9 8 4 1  a n d  
i s  c o n f i r m e d  h e r e ;  g i v e n  a n  u n c e r t a i n t y  o f  1 0 %  i n  t h e  m e a s u r e d  v a l u e s  o f  
D ,  t h e  a g r e e m e n t  w i t h  t h e  m o d e l  i s  v e r y  c l o s e .  T h i s  s t r o n g l y  s u g g e s t s  t h a t  
r e p t a t i o n  i s  i n d e e d  t h e  d o m i n a n t  d i f f u s i o n  m e c h a n i s m  i n  t h i s  r a n g e  o f  
m o l e c u l a r  w e i g h t .
A  t h e o r y  f o r  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  p o l y s t y r e n e  d i f f u s i o n  
c o e f f i c i e n t s  h a s  b e e n  d e v e l o p e d  [ G r e e n ,  1 9 8 6 ]  b a s e d  o n  t h e  z e r o  s h e a r  r a t e  
v i s c o s i t y ,  , I n  F i g u r e  5 . 7 ,  t h e  d i f f u s i o n  d a t a  f o r  u n m o d i f i e d  9 0 kO
p o l y s t y r e n e  a r e  c o m p a r e d  t o  t h e  v a l u e s  p r e d i c t e d  b y  t h e  
W i l l i a m s - L a n d e l - F e r r y  ( W L F )  e q u a t i o n  u s e d  b y  G r e e n
*
l o g  ( - § - )  =  A ------------- „  ( 5 . 1 )T  T  -  Too
w h e r e  t h e  e m p i r i c a l  p a r a m e t e r s  B  =  7 1 0  a n d  T c o  =  4 9 °  C  a r e  o b t a i n e d  f r o m  
m e a s u r e m e n t s  o f  i j a n d  T  i s  t h e  t e m p e r a t u r e .  T h e  c o n s t a n t  A  f o r  a  g i v e n  
m o l e c u l a r  w e i g h t ,  M ,  i s  p r e d i c t e d  b y  t h e  r e p t a t i o n  m o d e l  b a s e d  o n  t h e  
e n t a n g l e m e n t  m o l e c u l a r  w e i g h t ,  M ^ ,  a n d  t h e  v a l u e  o f  t h e  a v e r a g e  m o n o m e r i c  
f r i c t i o n  f a c t o r ,  £  ,  m e a s u r e d  a t  o n e  t e m p e r a t u r e .  T h e  c u r v e s  o b t a i n e d  
f r o m  e x p e r i m e n t  a n d  t h e o r y  f o l l o w  t h e  s a m e  t r e n d  b u t  a r e  o f f s e t  b y  a  
c o n s t a n t  a m o u n t .
I f  r e p t a t i o n  i s  t h e  m e c h a n i s m  g o v e r n i n g  d i f f u s i o n ,  t h e n  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  c e n t r e - o f - m a s s  d i f f u s i o n  c o e f f i c i e n t  a n d  t h e
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t e m p e r a tu r e ,  T , is  g iven  by  th e  r e la t io n
(5 .2 )
w h e r e  G ( M )  [ G r e e n ,  1 9 8 4 ]  i s  p u r e l y  d e p e n d e n t  o n  M  a n d  i s  d e f i n e d  a s
G ( M ) ( 5 . 3 )
w h e r e  M  i s  t h e  m o n o m e r  m o l e c u l a r  w e i g h t  a n d  k  i s  B o l t z m a n n ’ s  c o n s t a n t .
o  B
A  v a l u e  f o r  A  i n  e q u a t i o n  5 . 1  i s  o b t a i n e d  b y  c o m b i n i n g  e q u a t i o n s  5 . 2  a n d
5 . 3  a n d  t h i s  v a l u e  i s  t h e n  u s e d  i n  e q u a t i o n  5 . 1  t o  p r e d i c t  D  a t  a n y  
t e m p e r a t u r e .  T h e  t e m p e r a t u r e - d e p e n d e n c e  o f  D  i s  t h e r e f o r e  i n d e p e n d e n t  o f  
m o l e c u l a r  w e i g h t .
F i g u r e  5 . 7  s h o w s  G r e e n ’ s  r e s u l t s  f r o m  t h e o r y  a n d  e x p e r i m e n t .  W h i l e  t h e r e  
i s  g o o d  a g r e e m e n t  b e t w e e n  m e a s u r e d  v a l u e s  ( s y m b o l s )  a n d  t h e o r y  ( s o l i d
l i n e s )  o v e r  t h e  m o l e c u l a r  w e i g h t  r a n g e  5 5 k  -  4 3 0 k ,  i t  s h o u l d  b e  n o t e d  t h a t
a t  t h e  l o w e r  w e i g h t s  t h e  v a l u e s  o f  D  p r e d i c t e d  b y  t h e  W L F  e q u a t i o n  a r e  
c o n s i s t e n t l y  l o w e r .  T h i s  o b s e r v a t i o n  t a l l i e s  w i t h  t h e  r e s u l t s  f o r  9 0 k  
u n m o d i f i e d  p o l y s t y r e n e  o b t a i n e d  d u r i n g  t h i s  w o r k  a n d  c a n  b e  e x p l a i n e d  b y  
G r e e n ’ s  f a i l u r e  t o  t a k e  i n t o  a c c o u n t  t h e  i n c r e a s i n g l y  i m p o r t a n t  
c o n t r i b u t i o n  t o  t h e  d i f f u s i o n  c o e f f i c i e n t  a t  l o w  m o l e c u l a r  w e i g h t s  o f  t h e  
m e c h a n i s m  o f  c o n s t r a i n t  r e l e a s e .  I n  a c c o r d a n c e  w i t h  t h e  m o d e l s  p r e s e n t e d  
i n  C h a p t e r  1 ,  a s  M  t e n d s  t o  M  ,
e
\
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b e c o m e s
R
*
D = D
D *  =  D  +  D
R CR
N e v e r t h e l e s s ,  t h e  c l o s e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t
d e m o n s t r a t e  t h a t ,  o v e r  t h e  r a n g e  o f  M  s t u d i e d  i n  t h i s  w o r k ,  t h e
*
t e m p e r a t u r e - d e p e n d e n c e  o f  D  i s  a p t l y  d e s c r i b e d  b y  t h e  W L F  e q u a t i o n .  F o r  a
*
p o l y m e r  o f  a  k n o w n  m o l e c u l a r  w e i g h t  o n e  c a n  t h e r e f o r e  p r e d i c t  D  f o r  a n y  
v a l u e  o f  T .
I n  s u m m a r y ,  t h e  w o r k  i n  t h i s  s e c t i o n  h a s  c o n f i r m e d  r e p t a t i o n  a s  t h e
m e c h a n i s m  w h e r e b y  p o l y m e r s  i n  t h e  m o l e c u l a r  w e i g h t  r a n g e  u n d e r  s t u d y
*
d i f f u s e .  T h e  c l o s e  a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  v a l u e s  o f  D  w i t h  c u r v e s
p r e d i c t e d  b y  t h e  W L F  e q u a t i o n  i n d i c a t e s  t h a t  t h e r e  i s  a  r e l a t i o n s h i p
b e t w e e n  d i f f u s i o n  a n d  t h e  z e r o  s h e a r  r a t e  v i s c o s i t y  a n d  t h a t  t h e
*
t e m p e r a t u r e - d e p e n d e n c e  o f  D  i s  i n d e p e n d e n t  o f  t h e  m o l e c u l a r  w e i g h t  o f  t h e  
p o l y m e r .
5 . 4 . 3  M e c h a n i s m s  o f  d i f f u s i o n  -  E f f e c t  o f  i o n i c  c o n c e n t r a t i o n
T h e  e f f e c t  o f  i o n i c  c o n c e n t r a t i o n  o n  d i f f u s i o n  w a s  s t u d i e d  i n  a n  e f f o r t  t o  
m e a s u r e  t h e  c r i t i c a l  c o n c e n t r a t i o n  f o r  a g g r e g a t i o n .  D i f f u s i o n  s a m p l e s  
c o n s i s t e d  o f  a  0 . 1  p m  f i l m  o f  d e u t e r a t e d  9 0 k  i o n o m e r  o n  a  t h i c k  l a y e r  o f  
h y d r o g e n o u s  9 0 k  i o n o m e r ,  w i t h  b o t h  l a y e r s  c o n t a i n i n g  a  s i m i l a r  i o n i c  
c o n c e n t r a t i o n .  F o u r  i o n o m e r s  w i t h  r e s p e c t i v e  i o n i c  w e i g h t  p e r c e n t a g e s  o f  
1 . 1 ,  2 . 2 ,  2 . 8  a n d  5  7 .  w e r e  u s e d .  T h e s e  s a m p l e s  w e r e  t h e n  a n n e a l e d  a t
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t e m p e r a t u r e s  i n  e x c e s s  o f  T  r a n g i n g  f r o m  1 5 0 °  t o  2 1 0 °  C  i n  o r d e r  t o
g
i n v e s t i g a t e  t h e  e f f e c t  o f  t e m p e r a t u r e  b n  d i f f u s i o n .
T h e  r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  a r e  p r e s e n t e d  i n  T a b l e  5 . 6  a n d  F i g u r e
5 . 8  t o g e t h e r  w i t h  t h e  9 0 k  b a s e l i n e  e s t a b l i s h e d  e a r l i e r .  A s  t h e  i o n i c
c o n c e n t r a t i o n  i n c r e a s e s ,  d i f f u s i o n  i s  r e d u c e d  u n t i l ,  a t  t h e  h i g h e s t  
c o n c e n t r a t i o n  u s e d ,  d i f f u s i o n  i s  h a l t e d  a l t o g e t h e r .  F o r  t h i s  t o  h a p p e n ,  
t h e  p o l y m e r  m u s t  h a v e  f o r m e d  a  n e t w o r k .  T h i s  e f f e c t  p e r s i s t s  t o  h i g h  
t e m p e r a t u r e s ,  s h o w i n g  t h a t  t h e  i n t e r - c h a i n  l i n k s  h a v e  a  h i g h  t h e r m a l  
s t a b i l i t y .  F i g u r e  5 . 9  d e m o n s t r a t e s  t h i s  b y  c o m p a r i n g  t h e  
d i f f u s i o n - p r o f i l e s  o f  f o u r  i o n o m e r s  a n n e a l e d  a t  2 0 7 °  C .  T h e  1 . 1 ,  2 . 2  a n d
2 . 8  %  i o n o m e r s  s h o w  F i c k i a n  p r o f i l e s  o f  v a r y i n g  s l o p e s  w h e r e a s  t h e  5  %
i o n o m e r  s h o w s  n o  d i f f u s i o n  a t  a l l .
I o n i c  c o n t e n t  
( w e i g h t  % )
D i f f u s i o n  c o e f f i c i e n t  x  1 0 1 3  ( c m 2 / s )
a t  a n n e a l i n g  t e m p e r a t u r e s  ( ° C )  
1 5 0  1 5 8  1 7 0  1 9 0 2 0 7
1 .  1 0 . 4 2 . 0 6 . 0 1 9 9 4
2 . 2 0 . 4 1 . 8 3 . 3 1 5 8 7
2 . 8 0 . 4 1 .  3 4 5
5 . 0 0 . 0 0 . 0 0 . 0 0 .  0 0 . 0
T a b l e  5 . 6 :  E f f e c t  o f  I o n i c  c o n c e n t r a t i o n  o n  d i f f u s i o n  o v e r  a
r a n g e  o f  t e m p e r a t u r e s .
T h e  m i n i m u m  c o n c e n t r a t i o n  o f  i o n i c  m o n o m e r  f o r  a g g r e g a t i o n  i s  t h e r e f o r e  i n
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P r o t o n  c o u n t s
•
i o n i c  c o n t e n t
S u r f a c e
( b y  w e i g h t )
V ; 5.0 %
itttHiitiitiHi'ittuiiiiMmmimm'iituimMMiimHHiittiSmm'tiMiiiYttYitit* 111 Vi,w
»Vi (
«* »'i
2.8 %
**'* 1,1 1 1 ( i
' *M « *• “"tllttl tHl'llti'tlMlUlStltMilll'tUlllllltltMltimillHlllHMIMtlllllltlUntlU 
2.2 %
■ I , .1milllMHHUMini'IIIIIKaUMIIlHltmilKilllllmtltlllllllMll’lllllttlUMilirtHirdl1 * +1*1# M,',1 ... ,1* "'r' * nViiiiiViiuimiiiimmiiitiiuiiiiimiiiiiiiiHiUiHiiiiiiitiiiiiiiuiiiiiiiiHiMtin 
1.1 %
iHiiiHimmiitmitMKiiiMmfmMHiMiMtiitiiimmiuiiHMttMimMMSiiiiMimiiV1
t
C h a n n e ls
q
F i g u r e  5 . 9 :  H e - d  s p e c t r a  s h o w i n g  t h e  e f f e c t  o f  i o n i c
c o n c e n t r a t i o n  o n  p o l y m e r  d i f f u s i o n .
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t h e  r a n g e  2 . 7  -  5  %  b y  w e i g h t  o r  1 . 6  -  3  %  b y  n u m b e r .  T h e s e  r e s u l t s  
d e m o n s t r a t e  t h e  p o w e r  o f  i o n o m e r s ;  a t  c o m p a r a t i v e l y  l o w  i o n i c  
c o n c e n t r a t i o n s ,  w i t h  o n e  m o n o m e r  i n  f i f t y  c o n t a i n i n g  a n  i o n i c  g r o u p ,  t h e  
s t r u c t u r e  o f  t h e  m a t e r i a l  i s  s i g n i f i c a n t l y  a l t e r e d .  A s  a  p o l y s t y r e n e  c h a i n  
o f  9 0 k  m o l e c u l a r  w e i g h t  c o n t a i n s  a p p r o x i m a t e l y  9 0 0  m o n o m e r s ,  a  2  %  i o n o m e r  
c o u l d  f o r m  a n  a v e r a g e  o f  1 8  l i n k s  w i t h  a d j a c e n t  m o l e c u l e s .  F i g u r e  5 . 9  
d e m o n s t r a t e s  t h a t  t h i s  r e l a t i v e l y  l o w  c o n c e n t r a t i o n  o f  a c t i v e  g r o u p s  i s  
n e v e r t h e l e s s  s u f f i c i e n t  t o  p r o d u c e  a  m a r k e d  e f f e c t  o n  t h e  m o b i l i t y  o f  t h e  
c h a i n s .
T h e  9 0 k  p o l y s t y r e n e  i o n o m e r  d i f f u s i o n  c o e f f i c i e n t s  h a v e  a l s o  b e e n  p l o t t e d  
a g a i n s t  1 / ( T - T  )  i n  o r d e r  t o  s t u d y  t h e  t e m p e r a t u r e  d e p e n d e n c e  i n  m o r e
g
d e t a i l .  F i g u r e  5 . 1 0  s h o w s  h o w  a l l  t h e  i o n o m e r  d i f f u s i o n  d a t a  n o w  l i e  o n
t h e  s a m e  W L F  c u r v e  a s  t h e  d a t a  f r o m  t h e  u n m o d i f i e d  9 0 k  p o l y s t y r e n e .  T h i s
i n d i c a t e s  t h a t ,  w i t h  t h e  e x c e p t i o n  o f  t h e  5 %  i o n o m e r ,  t h e  i o n o m e r s  d i f f u s e
i n  a n  i d e n t i c a l  m a n n e r  t o  o r d i n a r y  P S ,  a l b e i t  a t  a  l o w e r  r a t e .  B y
c o m p a r i n g  D  t o  l / C T - T  ) ,  o n e  s h o w s  t h a t  t h e  i o n o m e r s  h a v e  a n  e f f e c t i v e
g
a n n e a l i n g  t e m p e r a t u r e  l o w e r  t h a n  p o l y s t y r e n e  b y  t h e  d i f f e r e n c e  i n  t h e i r  T
s
v a l u e s .
P o l y s t y r e n e  m o l e c u l e s  d i f f u s e  b y  v i r t u e  o f  s t a t i s t i c a l l y - g o v e r n e d  
c o n f o r m a t i o n a l  c h a n g e s  b a s e d  o n  t h e  t h e r m a l  e n e r g y  a v a i l a b l e ,  w h i c h  
d i c t a t e s  t h e  p r o b a b i l i t y  o f  i n d i v i d u a l  c h a i n  s e g m e n t s  a l t e r i n g  t h e i r  
c o n f i g u r a t i o n .  T h i s  t e m p e r a t u r e - d e p e n d e n c e  i s  d e s c r i b e d  b y  t h e  W L F  c u r v e ,  
i n  w h i c h  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  t e m p e r a t u r e  a b o v e  
T  .  T h e  e f f e c t  o f  a d d i n g  i o n i c  g r o u p s  t o  t h e  p o l y m e r  i s  t h e r e f o r e
g
e q u iv a le n t to  a  t lm e - te m p e r a tu re  su p e rp o s itio n ; th e  h ig h e r  th e  io n ic
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c o n c e n t r a t i o n ,  t h e  h i g h e r  T  a n d  t h e  l o w e r  t h e  e f f e c t i v e  a n n e a l i n g  
t e m p e r a t u r e .  T h e  s i g n i f i c a n c e  o f  t h i s  s u p e r p o s i t i o n  b e t w e e n  i o n i c  
c o n c e n t r a t i o n  a n d  e f f e c t i v e  a n n e a l i n g  t e m p e r a t u r e  l i e s  i n  t h e  f a c t  t h a t  
d i f f u s i o n  i s  s t i l l  g o v e r n e d  b y  t h e  p o l y s t y r e n e  s e g m e n t - s e g m e n t  
c o n f o r m a t i o n a l  t r a n s i t i o n s ;  t h e r e  i s  n o  f u n d a m e n t a l  s t r u c t u r a l  c h a n g e
a s s o c i a t e d  w i t h  i o n i c  g r o u p s .  I n  t h e  r e g i o n  o f  5 %  i o n i c  c o n t e n t ,  h o w e v e r ,  
a  s i g n i f i c a n t  c h a n g e  d o e s  t a k e  p l a c e  a n d  d i f f u s i o n  i s  h a l t e d ,  p r e s u m a b l y  
b y  t h e  f o r m a t i o n  o f  a  n e t w o r k  i n v o l v i n g  a l l  t h e  m o l e c u l e s .
5 . 5  S u m m a r y
T h e  i o n i c  c o n t e n t s  o f  a  r a n g e  o f  i o n o m e r s  h a v e  b e e n  e s t a b l i s h e d  b y  t h e
c o m p l e m e n t a r y  t e c h n i q u e s  o f  P I X E  a n d  t h e r m a l  a n a l y s i s .  B a s e d  o n  t h e s e
m e a s u r e m e n t s ,  t h e  e f f e c t  o f  i o n i c  c o n t e n t  o n  p o l y m e r  d i f f u s i o n  h a s  b e e n
e x a m i n e d  u s i n g  3 H e - d .  O v e r  t h e  r a n g e  0  -  2 . 8  w e i g h t  %  o f  i o n o m e r ,
d i f f u s i o n  o c c u r s  b y  r e p t a t i o n ,  w i t h  h i g h e r  i o n i c  c o n t e n t  h a v i n g  a
r e t a r d i n g  e f f e c t  a k i n  t o  a  r e d u c t i o n  i n  t h e  a n n e a l i n g  t e m p e r a t u r e .  A t  5
w e i g h t  % ,  t h o u g h ,  d i f f u s i o n  i s  h a l t e d .  T h e  c r i t i c a l  c o n c e n t r a t i o n  f o r
a g g r e g a t i o n  i s  t h e r e f o r e  f e l t  t o  b e  i n  t h e  r a n g e  2 . 8 - 5  w e i g h t  % .
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C h a p t e r  6: S u m m a r y ,  c o n c l u s i o n s  a n d  s u g g e s t i o n s  f o r  f u t u r e  w o r k .
P a g e
6 . 1  S u m m a r y  1 5 0
6 . 2  C o n c l u s i o n s  1 5 0
6 . 3  S u g g e s t i o n s  f o r  f u t u r e  w o r k  1 5 3
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C h a p t e r  6: S u m m a r y ,  c o n c l u s i o n s  a n d  s u g g e s t i o n s  f o r  f u t u r e  w o r k .
6 . 1  S u m m a r y
T h i s  t h e s i s  h a s  c o n c e r n e d  i t s e l f  w i t h  t h e  s t u d y  o f  d i f f u s i o n  i n  i o n i c  
p o l y m e r s .  I n  t h e  c o u r s e  o f  t h i s  i n v e s t i g a t i o n ,  a  n u m b e r  o f  p r e l i m i n a r y  
e x e r c i s e s  w e r e  r e q u i r e d .  A n  a s s e s s m e n t  o f  e x i s t i n g  t e c h n i q u e s  u s e d  t o  
s t u d y  p o l y m e r  i n t e r - d i f f u s i o n  r e v e a l e d  t h e  a b s e n c e  o f  a n  i d e a l l y - s u i t e d  
m e t h o d  f o r  t h e  m e a s u r e m e n t  o f  p o l y m e r  s e l f - d i f f  u s  i o n .  A  l a r g e  p a r t  o f  t h i s  
w o r k  i s  t h e r e f o r e  t a k e n  u p  w i t h  t h e  i m p l e m e n t a t i o n  a n d  a s s e s s m e n t  o f  a n  
i o n  b e a m  t e c h n i q u e  t o  p e r f o r m  t h e s e  m e a s u r e m e n t s .  F o l l o w i n g  t h i s  t h e r e  w a s  
a  n e e d  t o  d e v e l o p  m e t h o d s  f o r  t h e  s y n t h e s i s  a n d  c h a r a c t e r i z a t i o n  o f  i o n i c  
p o l y m e r s  a s  w e l l  a s  f o r  t h e i r  d e u t e r a t i o n  f o r  t h e  p u r p o s e s  o f  d i f f u s i o n  
m e a s u r e m e n t .  O n l y  t h e n  w a s  i t  p o s s i b l e  t o  c a r r y  o u t  d i f f u s i o n  e x p e r i m e n t s  
w i t h  t h e  a i m  o f  a n s w e r i n g  t h e  q u e s t i o n s  a s k e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  
w o r k .
6 . 2  C o n c l u s i o n s
3
T h e  H e - d  t e c h n i q u e  h a s  b e e n  s h o w n  t o  o u t p e r f  o r m  e x i s t i n g  i o n - b e a m  
t e c h n i q u e s  i n  t e r m s  o f  d i r e c t  a p p l i c a t i o n  t o  t h e  q u e s t i o n  o f  m e a s u r i n g  
p o l y m e r  i n t e r d i f f u s i o n  a n d  t o  e f f e c t i v e l y  b r i d g e  t h e  g a p  b e t w e e n  t h o s e  
t e c h n i q u e s  m e a s u r i n g  d i f f u s i o n  o n  a  m i c r o s c o p i c  s c a l e  ( n m )  a n d  t h o s e  w h i c h  
m e a s u r e  d i f f u s i o n  o n  a  m a c r o s c o p i c  s c a l e  ( m m ) .  A  s t r o n g  f e a t u r e  o f  3 H e - d  
i s  i t s  a b i l i t y  t o  m e a s u r e  p o l y m e r  s e l f - d i f f u s i o n  b y  e x p l o i t i n g  t h e  m i n i m a l
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la b e ll in g  o f  h y d ro g en  re p la c e m e n t by d e u te r iu m .
3
T o  a c h i e v e  o p t i m u m  p e r f o r m a n c e ,  t h e  p r o t o n s  p r o d u c e d  b y  t h e  H e - d  
t e c h n i q u e  m u s t  b e  d e t e c t e d  a t  a  b a c k w a r d  a n g l e .  T h i s  r e q u i r e s  a  d e t e c t o r  
w i t h  a  d e p l e t i o n  r e g i o n  o f  t h e  o r d e r  o f  1 5 0 0  p m  i n  o r d e r  t o  d e t e c t  t h e  
f u l l  e n e r g y  o f  t h e  h i g h l y - e n e r g e t i c  p r o t o n s  p r o d u c e d  d u r i n g  a n a l y s i s .  A  
b a c k w a r d  d e t e c t i o n  a n g l e  a s  c l o s e  t o  1 8 0 °  a s  p o s s i b l e  h a s  b e e n  s h o w n  t o  
p r o v i d e  t h e  o p t i m u m  r e s o l u t i o n .  A t  a  g l a n c i n g  b e a m  i n c i d e n c e ,  t h e  d e p t h
3
r e s o l u t i o n  o f  2 0  n m  a c h i e v e d  b y  H e - d  i s  a n  g r e a t  i m p r o v e m e n t  o n  t h e  8 0 0  
n m  r e s o l u t i o n  p r o v i d e d  b y  E R D A .
I o n  b e a m s  i n v a r i a b l y  c a u s e  s o m e  d a m a g e  t o  s a m p l e s  a n d  t h e  e f f e c t  o f  t h e
3
H e  b e a m  o n  t h e  p o l y m e r  a n d  o n  t h e  d i f f u s i o n - p r o f i l e  w a s  i n v e s t i g a t e d  
u s i n g  a  c o m b i n a t i o n  o f  t e c h n i q u e s .  C a r b o n i s a t i o n  o f  t h e  p o l y m e r  s u r f a c e  
a f t e r  a n a l y s i s  w a s  a p p a r e n t  o n  e v e r y  s a m p l e  a n d  X P S  r e s u l t s  s u g g e s t e d  t h a t  
t h e  b e a m  m i g h t  b e  d a m a g i n g  t h e  p o l y m e r ’ s  s t r u c t u r e .  H o w e v e r ,  t h e s e  r e s u l t s  
w e r e  n o t  c o n c l u s i v e  a n d  f u r t h e r  i n v e s t i g a t i o n  o f  t h e  q u e s t i o n  o f  d a m a g e  
w a s  r e q u i r e d .
A n  e s t i m a t e  o f  t h e  d e g r e e  o f  c r o s s - l i n k i n g  d u e  t o  e x p o s u r e  t o  t h e  b e a m  w a s  
p e r f o r m e d ,  w i t h  t h e  r e s u l t  t h a t  a  t y p i c a l  a n a l y s i s  i n d u c e s ,  a t  m o s t ,  a  
c r o s s - l i n k  d e n s i t y  e q u a l  t o  t h e  e x i s t i n g  e n t a n g l e m e n t  d e n s i t y .  A s  s u c h ,  
t h e  e f f e c t  o n  d i f f u s i o n  w i l l  n o t  b e  g r e a t  a n d  w i l l  i n  a n y  c a s e  t e n d  t o  
l o c k  a  d i f f u s i o n - p r o f i l e  i n  p l a c e .  N o n e t h e l e s s ,  n o  e f f e c t  o n  t h e  p o l y m e r ’ s  
s u b s e q u e n t  d i f f u s i o n  b e h a v i o u r  w a s  o b s e r v e d ,  w i t h  p r e -  a n d  p o s t - a n a l y s i s  
s a m p l e s  b e i n g  s e e n  t o  d i f f u s e  t o  a n  e q u a l  e x t e n t .
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F u r t h e r m o r e ,  a n  i d e n t i c a l  v a l u e  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  w a s  
e x t r a c t e d  f r o m  a  s i n g l e  s a m p l e  b y  s u b s e q u e n t  a n a l y s e s  t o  c o n f i r m  t h e
p r e s e r v a t i o n  o f  t h e  d i f f u s i o n  i n f o r m a t i o n  i n  a  s a m p l e  u n d e r  a n a l y s i s .
3
T h e  H e - d  t e c h n i q u e  c a n  t h e r e f o r e  b e  d e s c r i b e d  a s  b e i n g  " n o n - d e s t r u c t i v e " .
V a r i o u s  e x p e r i m e n t a l  r e f i n e m e n t s  a r e  s u g g e s t e d  t o  m i n i m i s e  d a m a g e  t o  t h e  
s a m p l e  a s  a  p r e c a u t i o n a r y  m e a s u r e  t o  w h i c h  m u s t  b e  a d d e d  a  c o m m e n t  o n  t h e  
d e u t e r i u m  l e v e l  i n  t h e  p o l y m e r ;  t h e  g r e a t e r  t h e  c o n c e n t r a t i o n  o f  d e u t e r i u m  
i n  t h e  p e n e t r a t i n g  p o l y m e r ,  t h e  m o r e  r a p i d l y  a  s p e c t r u m  w i l l  b e  c o l l e c t e d  
a n d  t h e  l e s s  b e a m  c h a r g e  w i l l  b e  n e e d e d  w i t h  a  c o n s e q u e n t  r e d u c t i o n  i n  t h e  
b e a m  d a m a g e .  T h e  d e u t e r i u m  c o n t e n t  o f  a  d e u t e r a t e d  p o l y m e r  w a s  d e t e r m i n e d  
b y  m e a s u r i n g  t h e  r e d u c t i o n  i n  t h e  p o s t - d e u t e r a t i o n  h y d r o g e n  s i g n a l  f r o m  
d i f f e r e n t  b o n d s  o n  a  p r o t o n - N M R  s p e c t r u m .  T y p i c a l l y  9 0  %  o f
c a r b o n - h y d r o g e n  b o n d s  i n  t h e  f i v e  p o s i t i o n s  a r o u n d  t h e  s t y r e n e  g r o u p  
b e c a m e  c a r b o n - d e u t e r i u m  b o n d s  w h e r e a s  t h e  d e g r e e  o f  r e p l a c e m e n t  a l o n g  t h e  
b a c k b o n e  w a s  o f  t h e  o r d e r  o f  1 0  % .  T h i s  r i n g - s p e c i f i c i t y  o f  t h e
d e u t e r a t i o n  p r o c e s s  s u g g e s t e d  t h a t  t h e  c h a i n  i n t e g r i t y  w o u l d  h a r d l y  b e  
a f f e c t e d  b y  d e u t e r a t i o n .  G e l  p e r m e a t i o n  c h r o m a t o g r a p h y  m e a s u r e m e n t s  o f  t h e  
m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  b e f o r e  a n d  a f t e r  d e u t e r a t i o n  c o n f i r m e d  t h i s  
b y  s h o w i n g  v e r y  l i t t l e  c h a n g e .
T h e  i o n i c  p o l y m e r s  u s e d  f o r  d i f f u s i o n  e x p e r i m e n t s  w e r e  s u l p h o n a t e  
i o n o m e r s  o f  p o l y s t y r e n e .  T h e i r  p r e p a r a t i o n  r e q u i r e d  m o d i f i c a t i o n  o f  a n  
e x i s t i n g  s u l p h o n a t i o n  p r o c e d u r e  p a t e n t e d  b y  M a k o w s k i  [ 1 9 7 5 ]  a s  t h i s  
m e t h o d o l o g y  p r o d u c e d  i o n i c  c o n c e n t r a t i o n s  v a s t l y  i n  e x c e s s  o f  t h e  0  -  5  %  
b y  w e i g h t  t y p i c a l l y  a s s o c i a t e d  w i t h  i o n o m e r s .  C h a r a c t e r i z a t i o n  o f  
s u l p h o n a t e d  p o l y s t y r e n e s  w a s  s u c c e s s f u l l y  c a r r i e d  o u t  u s i n g  m e a s u r e m e n t s
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o f  t h e i r  g l a s s - t r a n s i t i o n  t e m p e r a t u r e  a n d  s u l p h u r  c o n t e n t s ,  b y  t h e r m a l  
a n a l y s i s  a n d  p r o t o n - i n d u c e d  x - r a y  a n a l y s i s ,  r e s p e c t i v e l y .
P o s t - s u l p h o n a t i o n  c h a i n  i n t e g r i t y  w a s  s t u d i e d  b y  g e l  p e r m e a t i o n  
c h r o m a t o g r a p h y  a n d  c o n f i r m e d  t h a t  s u l p h o n a t i o n  h a r d l y  a f f e c t e d  t h e  
m o n o d i s p e r s i t y  o f  t h e  p o l y m e r .  C o n s e q u e n t l y ,  t h e  m o l e c u l a r  w e i g h t  
d e p e n d e n c e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  w a s  i n v e s t i g a t e d  w i t h  g o o d  
p r e c i s i o n  a n d  w a s  f o u n d  t o  a g r e e  w i t h  t h e  r e p t a t i o n  m o d e l  p r o p o s e d  i n  t h e  
i n t r o d u c t i o n  o v e r  t h e  m o l e c u l a r  w e i g h t  r a n g e  9 0 k  -  1 . 8 M .
T h e  e f f e c t  o f  i o n i c  c o n t e n t  o n  d i f f u s i o n  w a s  t h e n  s t u d i e d ,  y i e l d i n g  t h e  
r e s u l t  t h a t  o v e r  t h e  r a n g e  0  -  2 . 8  w e i g h t  % ,  d i f f u s i o n  o c c u r s  i n  a n  
i d e n t i c a l  m a n n e r  t o  t h e  d i f f u s i o n  o f  a n  u n m o d i f i e d  p o l y m e r ,  b y  r e p t a t i o n ,  
b u t  i n  t h e  r a n g e  2 . 8 - 5  w e i g h t  %  d i f f u s i o n  i s  h a l t e d .  T h i s  c a n  o n l y  b e  
e x p l a i n e d  b y  t h e  o n s e t  o f  g e l l a t i o n  i n  t h e  i o n o m e r ,  a t t r i b u t e d  t o  t h e  
f o r m a t i o n  o f  i o n i c  a g g r e g a t e s .  C o n s e q u e n t l y ,  t h e  c r i t i c a l  c o n c e n t r a t i o n  
f o r  a g g r e g a t e  f o r m a t i o n  i s  t a k e n  t o  b e  i n  t h e  r a n g e  2 . 8 - 5  w e i g h t  %  o f  
i o n i c  m o n o m e r .
6.3 Suggestions for  fu ture work
R e g a r d i n g  t h e  t h e r m a l  c h a r a c t e r i s t i c s  o f  i o n i c  a g g r e g a t e s ,  t h e  5 . 0  %
i o n o m e r  s h o w e d  n o  d i f f u s i o n  o v e r  t h e  t e m p e r a t u r e  r a n g e  1 5 0  -  2 1 0  ° C .  A s  
s a m p l e s  w e r e  p r o d u c e d  f r o m  r o o m  t e m p e r a t u r e  s o l u t i o n s  t h i s  s u g g e s t s  t h a t  
a g g r e g a t i o n  o c c u r s  e i t h e r  i n  s o l u t i o n  o r  a s  t h e  p o l y m e r  d r i e s  a n d  t h e  
i n t e r c h a i n  d i s t a n c e  i s  r e d u c e d .  A s  s u c h ,  i t  i s  d i f f i c u l t  t o  i d e n t i f y  a n
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e n e r g y  o f  f o r m a t i o n  o f  i o n i c  a g g r e g a t e s .  F u t u r e  w o r k  c o u l d  e x a m i n e
d i f f u s i o n  o f  5  %  i o n o m e r s  o v e r  t h e  t e m p e r a t u r e - r a n g e  1 0 0  -  1 5 0  ° C  i n  c a s e
t h e y  d i f f u s e  f r e e l y  b e l o w  a  c r i t i c a l  t e m p e r a t u r e  a t  w h i c h  a g g r e g a t i o n  i s
t r i g g e r e d .  T h i s  w o r k  w a s  n o t  d o n e  h e r e  f o r  r e a s o n s  o f  t i m e ;  a t  s u c h  l o w  
t e m p e r a t u r e s ,  a n n e a l i n g  t i m e s  w o u l d  b e  o f  t h e  o r d e r  o f  w e e k s .  A  p o s s i b l e  
s o l u t i o n  w o u l d  b e  t o  u s e  l o w e r  m o l e c u l a r  w e i g h t  i o n o m e r s  w h i l e  b e a r i n g  i n
m i n d  t h a t  t h e  d i f f u s i o n  m e c h a n i s m  b e g i n s  t o  r e s e m b l e  a  c o m b i n a t i o n  o f
r e p t a t i o n  a n d  c o n s t r a i n t  r e l e a s e  a s  o n e  a p p r o a c h e s  t h e  c r i t i c a l  m o l e c u l a r
w e i g h t  f o r  e n t a n g l e m e n t s .
P e r h a p s  o f  g r e a t e r  i n t e r e s t  i s  t h e  t e m p e r a t u r e  o f  b r e a k u p  o f  i o n i c  
a g g r e g a t e s ,  A  s t u d y  o f  t h i s  p a r a m e t e r  w o u l d  g i v e  a n  i n d i c a t i o n  o f  t h e
s t r e n g t h  o f  a g g r e g a t e s  a s  w e l l  a s  s u g g e s t i n g  t h e  i d e a l  t e m p e r a t u r e  f o r  t h e  
m e l t  p r o c e s s i n g  o f  i o n o m e r  m a t e r i a l s .
F u t u r e  w o r k  s h o u l d  a l s o  f o c u s  o n  t h e  c r i t i c a l  c o n c e n t r a t i o n  o f  i o n i c  
m a t e r i a l  f o r  a g g r e g a t e  f o r m a t i o n ,  t o  g i v e  s o m e  i n s i g h t  i n t o  t h e i r  s i z e  a n d  
s t r u c t u r e ,  b o t h  o f  w h i c h  a r e  m a t t e r s  c u r r e n t l y  e x p e r i e n c i n g  h e a t e d  d e b a t e .
3
T h e  H e - d  t e c h n i q u e  i s  a  v a l u a b l e  a d d i t i o n  t o  t h e  a r s e n a l  o f  t h e  p o l y m e r
p h y s i c i s t ,  e n a b l i n g  h i m  t o  m e a s u r e  t h e  s e l f - d i f f u s i o n  o f  a  s i n g l e  p o l y m e r  
w h i l s t  a l s o  b e i n g  a p p l i c a b l e  t o  t h e  m i x i n g  o f  d i s s i m i l a r  p o l y m e r s  a s  w e l l  
a s  t o  t h e  q u e s t i o n s  o f  w a t e r  u p t a k e  a n d  s m a l l  m o l e c u l e  p e n e t r a t i o n ,  w h e r e  
t h e s e  c a n  b e  d e u t e r a t e d .  T o  f u r t h e r  i m p r o v e  b o t h  t h e  r e s o l u t i o n  a n d  t h e  
s e n s i t i v i t y ,  t h e  u s e  o f  a  c o o l e d  a n n u l a r  d e t e c t o r  c e n t r e d  o n  t h e  i n c o m i n g  
b e a m  i s  s t r o n g l y  r e c o m m e n d e d .
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A p p e n d i x  A :  T U R B Q B A S I C ™  r o u t i n e s  w r i t t e n  f o r  t h i s  w o r k .
A . I .  N E W O N E 2 1 .  B A S
T h e  p r o g r a m  N E W O N E 2 1  p e r f o r m s  t h e  f u n c t i o n  o f  e x t r a c t i n g  a  v a l u e  f o r  t h e  
d i f f u s i o n  c o e f f i c i e n t  f r o m  a n  e x p e r i m e n t a l  s p e c t r u m .  N o r m a l i s a t i o n  o f  
t h e  e x p e r i m e n t a l  s p e c t r u m  b y  a  s p e c t r u m  f r o m  a  t h i c k ,  f  u l l y - d e u t e r a t e d  
s a m p l e  i s  c a r r i e d  o u t  b y  t h e  p r o g r a m .
A f t e r  i n p u t t i n g  t h e  t i m e  o f  a n n e a l  a n d  t h e  a n a l y s i s  p a r a m e t e r s  b y  w h i c h  
t h e  s p e c t r u m  w a s  c o l l e c t e d ,  t h e  u s e r  i s  a s k e d  t o  m a k e  a  g u e s s  a t  a  f i r s t  
f i t  f r o m  a  d i s p l a y  o f  t h e  n o r m a l i z e d  s p e c t r u m .  T h e  f i t t i n g  r o u t i n e  u s e s  
t h i s  g u e s s  a s  a  s t a r t i n g  p o i n t  t o  a  l e a s t - s q u a r e s  f i t  t o  t h e  n o r m a l i z e d  
s l o p e .  F r o m  t h e  i n i t i a l  t h i c k n e s s  o f  t h e  p e n e t r a t i n g  l a y e r ,  t h e  r o u t i n e  
c a l c u l a t e s  t h e  c o n c e n t r a t i o n  a t  d e p t h  u s i n g  t h e  e r r o r - f u n c t i o n  s o l u t i o n  t o  
t h e  s e c o n d - o r d e r  d i f f u s i o n  e q u a t i o n  q u o t e d  i n  C h a p t e r  2 .  B y  d o i n g  t h i s  f o r  
e v e r y  c h a n n e l  i n  t h e  r a n g e  s p e c i f i e d  b y  t h e  u s e r ,  a  t h e o r e t i c a l  
d i f f u s i o n - p r o f i l e  i s  b u i l t  u p .  A f t e r  c o n v o l u t i o n  w i t h  t h e  e x p e r i m e n t a l  
r e s o l u t i o n ,  t h e  f i t  i s  c o m p a r e d  t o  t h e  e x p e r i m e n t a l  d a t a .
T h e  m a x i m u m  h e i g h t  a n d  s l o p e  o f  e a c h  f i t  i s  v a r i e d  b y  c h a n g i n g  t h e  
d i f f u s i o n  c o e f f i c i e n t  u s e d  i n  i t s  g e n e r a t i o n .  A n  a r r a y  o f  t h e o r e t i c a l  
p r o f i l e s  i s  g e n e r a t e d  i n  t h i s  m a n n e r  a n d  t h e  c o r r e s p o n d i n g  i e a s t - s q u a r e s  
f i t s  t o  t h e  d a t a  c a l c u l a t e d .  T h e  f i n a l  " b e s t - f i t "  p r o f i l e  i s  t h e n
d i s p l a y e d  a l o n g  w i t h  t h e  v a l u e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  u s e d  i n  i t s
♦ 2 
g e n e r a t i o n  a n d  t h e  v a l u e  o f  x  •
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’ N E W 0 N E 2 1 :  a  P r o g r a m  w r i t t e n  b y  T o n y  C l o u g h ,  R o b i n  P a y n e  a n d  P e t e r
M u r p h y  t o  f i t  d i f f u s i o n  c o e f f i c i e n t s  t o  s p e c t r a  o b t a i n e d  b y  
H e l i u m - 3 , d  r e a c t i o n  a n a l y s i s .
1
r e m  d i m e n s i o n  v a r i a b l e s  a n d  a r r a y s
d i m  e d ( 1 5 ) , s ( 1 5 ) , k k ( 2 5 0 0 ) , 1 ( 2 5 0 0 ) , r e s ( 1 0 0 , 1 0 0 ) , x 2 ( 1 0 0 )
d i m  y 2 ( 1 1 0 0 : 1 4 0 0 )
d i m  d a ( 1 1 0 0 : 1 4 0 0 ) ,  x 3 ( 1 0 0 ) , y 3 ( 1 1 0 0 : 1 4 0 0 ) ,  s u m ( 2 0 0 0 ) , d e ( 1 1 0 0 : 1 4 0 0 )
d i m  s u m s q ( 3 0 , 2 0 0 )
D I M  D E E ( 1 1 0 0 : 1 4 0 0 )  
d i m  d e l d a ( 1 1 0 0 : 1 4 0 0 )  
d i m  l d a ( 1 0 0 ) , d e p ( 1 0 0 )
r e m  H E - 3  E N E R G I E S
j 2 0 = 0
j l 0 = 2 0 0 0
E D ( 1 ) = . 1 5
E D ( 2 ) = . 1 8
E D ( 3 ) = . 2 1
E D ( 4 ) = . 2 4
E D ( 5 ) = . 2 7
E D ( 6 ) = . 3 0
E D ( 7 ) = . 3 7 5
E D ( 8 ) = . 4 8
E D ( 9 ) = . 6 0
E D ( 1 0 ) = . 7 5
E D ( 1 1 ) = . 9 6
E D ( 1 2 ) = 1 . 2
E D ( 1 3 ) = 1 . 5
E D ( 1 4 ) = 1 . 8
E D ( 1 5 ) = 2 . 1
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r e m  S T O P P I N G  P O W E R S  I N  M E V - C M " 2 / M G :  Z I E G L E R  1 9 8 5
S U M .  9 0 6 4  
S ( 2 ) = 2 . 0 1 9 0 6  
S ( 3 ) = 2 . 1 1 1 9 7  
S ( 4 ) = 2 . 1 8 8  
S ( 5 ) = 2 . 2 4 9 3  
S ( 6 ) = 2 . 2 9 7 4 7  
S ( 7 ) = 2 . 3 7 0 3 3  
S ( 8 ) = 2 . 3 8 7 6 6  
S ( 9 ) = 2 . 3 3 3 9 1  
S ( 1 0 ) = 2 . 2 1 5 1 3  
S ( l l ) = 2 . 0 2 5 2 8  
S ( 1 2 ) = l .  8 2 4 4 5  
S ( 1 3 ) = l .  6 1 7 1 3  
S ( 1 4 ) = l .  4 5 3 0 3  
S ( 1 5 ) = l .  3 2 1 7 2
a l  =  0 . 2 5 4 8 2 9 5 9 2  
a 2  =  - 0 . 2 8 4 4 9 6 7 3 6  
a 3  =  1 . 4 2 1 4 1 3 7 4 1  
a 4  =  - 1 . 4 5 3 1 5 2 0 2 7  
a 5  =  1 . 0 6 1 4 0 5 4 2 9  
p  =  0 . 3 2 7 5 9 1 1
r e m  u s e r  t o  i n p u t  c o n d i t i o n s
g o s u b  1 2 1  
g o s u b  1 2 2  
g o s u b  1 2 3  
g o s u b  1 2 4  
g o s u b  1 2 5  
g o s u b  1 2 6  
g o s u b  1 2 7
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a l p h a = a l p h * 3 . 1 4 1 5 9 / 1 8 0
m p = 9 3 8 . 2 8
m 3 = 2 8 0 8 . 4 1 3
m d = 1 8 7 5 . 6 3
m 4 = 3 7 2 7 . 4 1
p h i = a n g * 3 . 1 4 1 5 9 / 1 8 0
q = m 3 + m d - m p - m 4
b b = - 2 *  ( m 3 * m p * e 3 b )  f l  5 * c o s ( p h i )
b b b = - 2 *  ( m 3 * m 4 * e 3 b ) f l  5 * c o s  ( p h i )
a a = m p + m 4
c c = m 3 * e 3 b - m 4 * e 3 b - m 4 * q
c c c = m 3 * e 3 b - m p * e 3 b - m p * q
r e m  P R O T O N  E N E R G Y  A T  H A L F - H E I G H T  O F  S P E C T R U M  L E A D I N G  E D G E
e p O = ( ( ~ b b + ( b b  " ' 2 - 4 * a a * c c )  f l  5 ) / ( 2 * a a )  t y 2  
e a l p h a = ( ( - b b b + ( b b b /v2 - 4 * a a * c c c ) f l 5 ) / ( 2 * a a ) ) ' v2
?  "  I n p u t  D i f f u s e d  F i l e n a m e :  l i n e  i n p u t  n a m e i n l $
O P E N  n a m e i n l $  A S  # 4  L E N = 8 6 0 5
F I E L D  # 4 , 2  A S  F $ , 2  A S  M $ , 2  A S  S $ , 2  A S  E $ , 2  A S  R l $ , _
2  A S  R 2 $ , 2  A S  L l $ , 2  A S  L 2 $ , 8  A S  D $ , 4  A S  T $ , _
2  A S  C $ , 2  A S  N $ , 8 1 9 2  A S  I $ , 3 2 1  A S  F F $ , 6 0  A S  P $
G E T  # 4
P R I N T  n a m e i n l $ ;  "  I N F O . :  " : P R I N T  P $
C L O S E  # 4
I N P U T  " E N T E R  1 s t  C H N .  ( 5  C H N S  B E L O W  H A L F - H G H T  O F  L E A D I N G  E D G E )  J I  
I N P U T  " E N T E R  T H E  L A S T  C H A N N E L  N O .  T O  B E  A N A L Y S E D  J 2
o p e n  n a m e i n l $  a s  # 4  l e n = 1 6  
f i e l d  # 4 ,  4  a s  a $ ,  4  a s  b $ ,  4  a s  c $ ,  4  a s  d $  
t e m p s i z e =  l o f ( 4 ) / 1 6  
f o r  i = 3  t o  t e m p s i z e  
g e t  4 , i
129
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m = ( i - 2 ) * 4  
k k ( m - 3 )  =  c v l ( a $ )  
k k ( m - 2 )  =  c v l ( b $ )  
k k ( m - l )  =  c v l ( c $ )  
k k ( m )  =  c v l ( d $ )  
n e x t  i  
c l o s e  # 4
j 0 = j l + 5
j d i f = J l - J l N
f o r  j  =  j l  t o  j 2  
j j — j —j d i f
I F  l ( j j ) = 0 .  T H E N  G O T O  2 0  
d a ( j ) = k k ( j ) / I ( j j )
i f  k k ( j ) = 0  t h e n  d a ( j ) = l / l ( j j ) : k k ( j ) = l  
d e l d a ( j ) = d a ( j ) * ( l / k k ( j ) + l / l ( j j ) ) A 0 . 5  
G O T O  2 2
20
P R I N T  " T H E  N O R M A L I S A T I O N  C H A N N E L  "  j j  " W A S  Z E R O . "
22
n e x t  j
D E E ( J 0 - 1 ) = 0
D E ( J 0 - 1 ) = 0
I F  J 2 > J 2 0  T H E N  G O T O  1 1 1
I F  J K J 1 0  T H E N  G O T O  1 1 1  E L S E  G O T O  1 1 2
111
f o r  j = J O  t o  ( J 2  - J l + j O )  
r e m  C A L I B R A T I O N  O F  C H A N N E L S  I N  T E R M S  O F  P R O T O N  E N E R G I E S
e p  =  e p O  + ( j - ( j l + 5 ) ) * k e / 1 0 0 0
l e t  b  =  - ( 2 * s q r ( m 3 * m p * e p ) * c o s ( p h i ) )
l e t  a  =  m 3 - m 4
l e t  c  =  ( m p + m 4 ) * e p - m 4 * q
l e t  a n s i  =  ( - b + s q r ( b ' v2 - 4 * a * c ) ) / ( 2 * a )
l e t  e 3  =  a n s l ~ 2
l e t  d e l e  =  e 3 b - e 3
l e t  d x  =  0 . 0 0 0 0 0 0 1
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l e t  d e e ( j )  =  0
l e t  e  =  e 3 b  -  d e e ( J - l )
F O R  1 = 0  T O  8 0 0 0  
F O R  g = l  T O  1 5  
Z = E - E D ( g )
I F  Z < 0 . 0  T H E N  G O T O  6 0  
I F  Z = 0 . 0  T H E N  G O T O  7 0  
N E X T  g
6 0
E l = E - E D ( g - l )
E 2 = E D ( g ) - E D ( g - l )
E 3 = E 1 / E 2
S l = S ( g ) - S ( g - l )
D E D X = S ( g - l ) + S l * E 3  
G O T O  8 0
7 0
D E D X = S ( g )  
r e m  d e d x  i n  M e v / m g / c m A 2
8 0
l e t  d e e ( J )  =  D E D X * D E N S * D X * 1 0 0 0 . 0  + D E E ( J )
R E M  D E  I N  M E V
I F  ( D E E ( J ) + D E E ( J - l ) ) > d e l e  T H E N  D E ( J ) = D X * I * 1 0 0 0 0  + D E ( J - 1 ) : G 0 T 0  1 0
l e t  e  =  e 3 b  -  D E E ( J ) - D E E ( J - 1 )
N E X T  I
10
d e e ( J ) = D E E ( J ) + D E E ( J - l )
R E M  D E C  J ) - D E P T H  A L O N G  T H E  B E A M  D I R E C T I O N  F O R  E N E R G Y  L O S S  D E L E  I N  M I C R O N S  
P R I N T  j , D E ( J ) , e
4 0
N E X T  j
f o r  n =  0  t o  n m a x
d e p ( n ) =  d e ( j 0 + 2 + n * 5 ) ' s2  
n e x t  n
112
g o s u b  1 0 0 0  
g o s u b  4 5 0 0  
g o s u b  5 0 0 0  
g o s u b  6 0 0 0
160
r e m  F I R S T  G U E S S  A T  N O R M A L I S A T I O N  ,  S L O P E
l o c a t e  1 , 1 :  i n p u t  " N o r m  c o n s t ( p e a k  h e i g h t / 1 0 )  e n t r y
c c O  =  e n t r y  
g o s u b  1 4 0 0 0
l o c a t e  2 , 1 :  i n p u t  " S p e c t r u m  s l o p e ( n o r m a l l y  . 0 5 )  : " , e n t r y
k O  =  e n t r y  
g o s u b  1 4 0 0 0
l o c a t e  3 , 1 :  i n p u t  " s l o p e  i n c r e m e n t ( n o r m a l l y  . 0 5 )  : " , e n t r y
d k  =  e n t r y  
g o s u b  1 4 0 0 0
r e m   r e d r a w  d a t a
g o s u b  1 2 0 0 0
l o c a t e  1 , 1 : ? " f i r s t  f i t "
r e m  d c  i s  i n c r e m e n t  d u r i n g  f i t  
d c = . 0 1  
c c = c c O  
k = k O  
r e m  ?  k  
z = l
f o r  x = j l  t o  j 2
x x = x - j l + l
r e s ( x x , z )  =  0
f o r  m u  =  j O  t o  ( j 2 ~ j l + j 0 )
x m u n = (  x - m u - n  Y 2
i f  x m u n > 5 0  t h e n  g o t o  1 5 6
x p = (  h + d e  ( m u )  * s i n  ( a l p h a ) )  * (  k ~ .  5 )
t = l / ( l + p * x p )
e r f p = l - ( a l * T : + a 2 * t ' ' 2 + a 3 * t ‘' 3 + a 4 * t /' 4 + a 5 * t A5 ) * e x p ( - l * x p ' * 2 )
x p = 0
x m = ( d e ( m u ) * s i n ( a l p h a ) - h ) * ( k ' ' 0 . 5 )  
i f  x m < 0  t h e n  x p = x m :  x m = - x m  
t l = l / ( l + p * x m )
e r f m = l ~ ( a l * t l + a 2 * t r 2 + a 3 * t r 3 + a 4 * t r 4 + a 5 * t r 5 ) * e x p ( - l * x n r 2 )  
i f  x p < 0  t h e n  e r f m = - e r f m  
a m u = 0 . 5 * ( e r f  p - e r f  m )
134
s ig  = 1 .25+ de(m u)A2 /4
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r e s ( x x , z ) r e s ( x x , z ) + ( a m u / ( s i g ,,f( 2 * 3 . 1 4 1 5 9 ) ' ' . 5 ) ) ¥ e x p ( - x m u n / ( 2 1,f( s i g ) A 2 ) )
n e x t  m u  
n e x t  x  
g o s u b  1 5 0 0  
g o s u b  2 0 0 0  
g o s u b  3 0 0 0  
k o p = k 0
l o c a t e  1 , 1 :  i n p u t  " A l l  o . k . ? ( Y E S  o r  N 0 ) : " , e n t r y $
d $  =  e n t r y $
g o s u b  1 4 0 0 0
d d $ = l c a s e $ ( d $ )
d d d $ = l e f  t $ ( d d $ ,  1 )
i f ( d d d $ = " y ” ) t h e n  g o t o  1 0 0  e l s e  g o t o  1 3 4  
R E M  F I R S T  S H O T  A T  E S T I M A T I N G  " D "  H O L D I N G  M A X I M U M  Y - V A L U E  C O N S T A N T
100
n = 0
f o r  z = l  t o  1 0 0  
c c = c c O
k = k O + d k * ( z - l )  
f o r  x = j l  t o  j 2  
x x = x - j l + l  
r e s ( x x , z )  =  0  
f o r  m u  =  j O  t o  ( j 2 - j l + j 0 )  
x m u n = ( x - m u - n ) A 2  
i f  x m u n > 5 0  t h e n  g o t o  1 5 7  
x p = ( h + d e  ( m u  ) * s i n  ( a l p h a ) ) *  ( k ~ . 5 )  
t = l / ( l + p * x p )
e r f p = l - ( a l * t + a 2 * t ~ 2 + a 3 * t ~ 3 + a 4 * t ' s4 + a 5 * t ' ' 5 ) * e x p (  - l * x p ~ 2 )  
x p = 0
x m = ( d e ( m u ) * s i n ( a l p h a ) - h ) * ( k /‘' 0 . 5 )  
i f  x m < 0  t h e n  x p = x m : x m = - x m  
t l = l / ( l + p * x m )
e r f m = l - ( a i n i + a 2 * t r 2 + a 3 * t r 3 + a 4 * t r 4 + a 5 * t r 5 ) * e x p ( - l * x n r t 2 )
162
i f  x p < 0  t h e n  e r f m = - e r f m  
a m u = 0 . 5 * (  e r  f  p - e r f  m )
s i g  =  1 . 2 5 + d e ( m u ) ^ 2 / 4
r e s ( x x , z )  =  r e s ( x x , z ) + ( a m u / ( s i g * ( 2 * 3 . 1 4 1 5 9 ) ' \ 5 ) ) * e x p ( - x m u n / ( 2 * ( s i g r
1 5 7
n e x t  m u  
n e x t  x  
g o s u b  1 5 0 0  
g o s u b  2 0 0 0  
g o s u b  3 0 0 0  
g o s u b  7 0 0 0
i f  z  = 1  t h e n  g o t o  2 1
i f  s u m ( z ) > s u m ( z - l )  t h e n  k = k 0 + ( z - l ) * d k :  g o t o  1 0 1
21
n e x t  z
r e m  G E N E R A T I N G  S U M S Q  F O R  R A N G E S  O F  M A G N I T U D E  c c  A N D  " D "  
r e m  g e t  n u m b e r  o f  s t e p s  b e t w e e n  s l o p e  l i m i t s  f o r  f i t t i n g
101
z l = i n t ( 0 . 7 * k / d k )  
z 2 = i n t ( 1 . 3 * k / d k )  
f o r  y = l  t o  3 0
c c = c c 0 -  ( y - 1 ) * d c * c c 0  
i f  c c < c c 0  t h e n  g o t o  4 1  
f o r  z  = z l  t o  z 2  
k = d k * z
f o r  x = j l  t o  j 2  
x x = x - j l + l  
r e s ( x x , z )  =  0  
f o r  m u  =  j O  t o  ( j 2 - j l + j 0 )  
x m u n = ( x - m u - n ) A 2  
i f  x m u n > 5 0  t h e n  g o t o  2 5 7  
x p = ( h + d e ( m u ) * s i n ( a l p h a ) ) * ( k ' \ 5 )  
t = l / ( l + p * x p )
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er fp = l-(a l* t+ a2*t''2+ a3*t''3+ a4*t‘N4+ a5*t''5 )*exp(-l*xp~2)
xp = 0
xm = (d e(m u)*sin (a lpha)-h )*(k ''0 .5) 
i f  xm<0 then  xp= xm :xm = -xm  
t l= l/(l+ p * x m )
e r f m = l- ( a im + a 2 n r 2 + a 3 * t l /'3 + a 4 n r 4 + a 5 n r 5 ) * e x p ( - l* x m A2) 
i f  xp<0 then  erfm =  -e r fm  
a m u = 0 .5* (erf p -e r f  m)
s ig  = 1.25+de(m u)A2 / 4
r e s (x x ,z )  =  res(x x ,z )+ (a m u /(s ig * (2 * 3 .1 4 1 5 9 )‘\5 ) )* e x p (-x m u n /(2 * (s ig ) /'
257
n e x t mu 
n e x t x  
gosub 1500  
gosub 2 0 0 0  
gosub 7 0 0 0  
su m sq (y ,z)= su m (z) 
n e x t z  
g o to  50
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fo r  z  = z l to  z2  
gosub 1500  
gosub 2 0 0 0  
gosub 7 0 0 0  
su m sq (y ,z)= su m (z) 
n e x t z
n e x t y
rem  FINDING MINIMUM SUMSQ
m in = su m sq (l,z l)
YMIN=1
ZMIN=Z1
164
fo r  y= 1 to  3 0  
fo r  z  = z l to  z2
i f  sum sq(y,z)<m in th en  m in=sum sq(y,z):ym in==y:zm in=z 
n e x t z  
n e x t  y  
z=zm in
rem  PRINTING BEST-FIT VALUE OF "D" 
k=zm in*dk
c c = c c 0 -  (ym in-1)*dc*cc0
gosub  1000
gosub  8 0 0 0
gosub  9 0 0 0
gosub  1500
gosub  10000
gosub  11000
SU1=0
FOR 1= Jl TO J2 
SU1=SU1+Y3(I)-10 
NEXT I 
k=k*le8  
d d d = l/(4* ta*k )  
p rin t nam ein l$
lo c a te  2,1: p rin t ddd " cm 2s-L  Chi~2 = " min
lo c a te  1,1: input"Finished ? (Type YES or NO ) :" ,en try$
a $ = en try $
rem  gosub 14000
a a $ = lca se$ (a $ )
a a a $ = le f  t$  (aa$ , 1)
if(aaa$="y") then  g o to  119
SCREEN 0
J10=J1
J20=J2
? "Type any one d iffe r e n c e  from  p reviou s run"
?" 0 -N o  d ifferen ce"
165
?" 1-Specim en density"
?" 2-A n n ea lin g  time"
?" 3 -T h ick n ess  o f  d -p s  film "
?" 4-H e3  beam  energy"
?" 5 -A n g le  o f  detector"
?" 6 -A n g le  o f  sample"
?" 7 -N o rm a lisa tio n  filen a m e " 
input en try  
s s  =  en try
i f  s s= 0  th en  go to  129 
i f ( s s = l)  th en  gosub 121 
if ( s s = 2 )  th en  gosub 122 
if ( s s = 3 )  then  gosub 123 
if ( s s = 4 )  th en  gosub 124 
i f (s s = 5 )  th en  gosub 125 
if ( s s = 6 )  th en  gosub 126 
i f (s s= 7 )  th en  gosub 127
input "Are th ere  m ore d iffe r e n c e s?  (typ e YES or NO):",c$
c c $ = lc a se $ (c $ )  
c c c $ = le f  t$ (  c c $ , 1) 
if(ccc$="y") then  g o to  97 
g o to  129
119
g o to  14500
stop
END
REM border creation ; w indow  6 0 0  by 2 0 0  -  border 5 0 0  by 160 
1000
SCREEN 1 
CLS
WINDOW (0 ,0 ) - (6 0 0 ,2 0 0 )
LINE (5 0 ,1 0 )-(5 5 0 ,1 0 )
166
LINE (5 0 ,1 0 )-(5 0 ,1 7 0 )
LINE (5 0 ,1 7 0 )-(5 5 0 ,I7 0 )
LINE (5 5 0 ,1 7 0 )-(5 5 0 ,1 0 )
RETURN
REM to  f in d  th e  m axim um  y value
1500
FLAG = r e s ( l ,z )
FOR I= jl TO j2  
i i= I - j l+ l
IF res(ii,z)>FL A G  THEN FL A G =res(ii,z)
NEXT I
LET YMAX = FLAG 
RETURN
i f  ym ax  = 0  th en  sto p
REM to  sc a le  d a ta  to  th e  border fo r  p lo ttin g  
2000
SCALEY = 160/YMAX  
SCALEX = 5 0 0 / ( j 2 - j l+ l )
FOR 1=0 TO j 2 - j l
LET X2(I) = 5 0  + SCALEX*I 
NEXT I
FOR I= jl TO j2  
i i= i - j l+ l
LET Y2(I) = 10 + SCALEY*cc*r e s ( ii ,z )
NEXT I 
RETURN
REM p lo ttin g  th e  data
3 0 0 0
FOR I= jl TO j2
CIRCLE (X 2 (I-jl),Y 2 (I)),1 .5  
NEXT I
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R E TU R N
45 0 0
FLAG =  da(jO)
FOR I= j0  TO j0+10
IF da(I)>FLAG THEN FLAG=da(I) : jm ax= i 
NEXT I
LET YMAX1 = FLAG 
RETURN
REM to  sc a le  d a ta  to  th e  border fo r  p lo ttin g
5 0 0 0
SCALEY1 = 160/YMAX1 
SCALEX = 5 0 0 / ( j 2 - j l )
FOR 1=0 TO j 2 - j l
LET X3(I) = 5 0  + SCALEX*I 
NEXT I
FOR I= jl TO j2
LET Y3(I) =  10 + SCALEYl*da(i) 
i f  (y3(i)>170) th en  y3(i)=170  
NEXT I 
RETURN
REM p lo ttin g  th e  d a ta
6 0 0 0
FOR I= jl TO j2
CIRCLE (X 3 (I -j l) ,Y 3 (I )) ,3 .0  
NEXT I
FOR I=J1 TO J2 STEP in t ( ( j 2 - j l ) /8  +0.5) 
L IN E (X 3(I-J1),8)-(X 3(I-J1),12)
NEXT I 
fo r  i= l to  9
line(45 ,10+ 16*i)-(55 ,10+ 16*i)
R EM  to  f i n d  th e  m a x im u m  y  va lu e
168
n e x t i 
RETURN
7 0 0 0
su m (z)= 0
fo r  i = j0  to  j2
su m (z )= (y 2 (i)-y 3 (i))A2 /(sca ley T '2 * d e ld a (i) /v2  )+sum (z)
n e x t  i 
retu rn
REM to  sc a le  d a ta  to  th e  border fo r  p lo ttin g  FINALLY 
8 0 0 0
SCALEX = 50 0 /D E (J 2 )
FOR 1=0 TO j 2 - j 0
LET X3(I) =  5 0  + SCALEX*DE(I+JO)*sin(alpha)
NEXT I 
RETURN
REM p lo ttin g  th e  d a ta  FINALLY
9 0 0 0
FOR I=jO TO j2
CIRCLE (X 3 (I-j0 ) ,Y 3 (I )) ,3 .0  
NEXT I
d e f  s=SCALEX*de( j2 ) /1 0  
fo r  i=  1 to  10
L IN E (5 0 + d e fs* (i- l) ,8 )-(5 0 + d e fs* (i- l) ,1 2 )
NEXT I 
fo r  i= l to  9
line(45 ,10+16*i)-(55 ,10+16*i) 
n e x t  i 
RETURN
REM  to  s c a le  d a ta  to  th e  b o rd e r  f o r  p lo t t in g
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10000
se a ley = 1 6 0 /y m a x  
FOR 1=0 TO j 2 - j 0
LET X2(I) = 5 0  + SCALEX*DE(I+JO)*SIN( ALPHA)
NEXT I
FOR I=jO TO j2  
i i= i- j l+ l
LET Y2(I) = 10 + SCALEY*cc*r es( i i ,z )
NEXT I 
RETURN
REM p lo ttin g  th e  d a ta
11000
FOR I=jO TO j2
CIRCLE (X 2(I-jO ),Y 2(I)),1 .5  
NEXT I 
RETURN
121
e ls
INPUT "ENTER THE SPECIMEN DENSITY (IN GRAMS PER CM3): ", DENS 
RETURN
122
input "time o f  anneal (in  secs!!) " ,ta  
RETURN
123
input "enter th ick n ess  o f  d -P S  f ilm  (um) :",h 
RETURN
124
input "he3 beam  en erg y  in MEV (e .g . 1.1) : " ,e3b  
RETURN
125
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input "angle o f  d e tec to r  in d eg rees (e .g . 160) :'\an g  
RETURN
input "angle o f  sam ple to  beam  (norm ally  9 0  deg) in deg. :",alph  
input "Condition s t i l l  g reen  ? (nay = 1)", resp  
i f  resp  = 1 then  g o to  2  
RETURN
126
?"Input N orm alisa tion  F ilenam e: ";: line input nam ein2$
OPEN nam ein2$A S #4  LEN=8605
FIELD # 4 ,2  AS F $ ,2  AS M $,2 AS S $ ,2  AS E $ ,2  AS R l$ ,_
2  AS R 2$ ,2  AS L l$ ,2  AS L 2 $ ,8  AS D $ ,4  AS T $ ,_
2  AS C $,2  AS N $,8192 AS I$,321 AS F F $ ,60  AS P$
GET #4
PRINT nam ein2$; " INFO.: ":PRINT P$
CLOSE #4
INPUT "ENTER 1st CHN.(PRECISELY 5 CHNS BELOW HALF-HGHT OF LEADING EDGE) :", JIN 
INPUT "ENTER PROTON ENERGY PER CHN. IN keV/CHN.(10 i f  not m easured) :",ke
open nam ein2$ a s  #4  len=16 
f ie ld  #4, 4 a s  a $ , 4 as b$, 4  a s  c$ , 4  as d$  
tem p size=  lo f (4 ) /1 6  
fo r  i=  3  to  tem p size  
g e t  4 ,i  
m = (i-2 )* 4  
l(m -3 ) = cv l(a $ )  
l(m -2 ) = cv l(b $)  
l(m -l)  = cv l(c$ )  
l(m ) = cv l(d $)  
n ex t i 
CLOSE #4  
RETURN
12000
rem   rou tin e  to  d raw  d isp lay
c is
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gosub 1000: gosub  4500: gosub  5 0 0 0 : gosub  6 0 0 0  
retu rn
13000
rem   pause rou tin e
fo r  t  = 1 to  50  
le t  t t  = t  
n e x t  t  
retu rn
14000
rem   quit rou tin e
i f  en try  = 0  th en  g o to  14500  
i f  en try $  = "0" then  g o to  14500  
le t  en try  = 1 
le t  en try $  = "1" 
retu rn
14500
rem   add-on  to  qu it rou tin e
e ls
lo c a te  1,1: p r in t "You w ish  to  lea v e  th e  program  (1) " 
lo ca te  2 ,22: ?  " or r e s ta r t  (2)" 
lo c a te  3,17: input " or con tin u e (3) ?",ans 
i f  ans = 2  th en  g o to  1 
i f  ans = 1 th en  go to  14510 
i f  (aaa$="n") th en  go to  97  
retu rn  
14510 
e ls
lo ca te  10,30: ? "Goodbye." 
end
’End o f  Program  -  L ayout and com m ents by P eter  Murphy
A .2 . HE3CALC. BAS
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3 4p rod u cts o f  th e  d( He,p) He rea c tio n  and w a s used  to  in v e stig a te  th e  
e f f e c t s  o f  d e tec tio n  an gle  and b ea m -en erg y  on th e  depth  reso lu tio n  in  
C hapter 2 . The u ser  p rovid es th e  an g le  and en ergy  w hereupon th e  rou tin e  
tr a n sp o se s  th e  q u estion  to  th e  c e n tr e -o f -m a s s . The e n erg e tic  y ie ld , or  
Q -value, o f  th e  rea c tio n  is  used  to  d eterm in e th e  en erg ies  and 
tr a je c to r ie s  o f  th e  prod u cts in  th e  c e n tr e -o f -m a s s  fra m e. T hese q u a n titie s  
in th e  lab o ra to ry  fra m e are  ca lcu la ted  by v ec to r  ad d ition  u sin g  th e  beam  
en ergy  to  d eterm ine th e  v e lo c ity  o f  th e  c e n tr e -o f -m a s s  r e la tiv e  to  th e  
lab oratory . F in a lly , th e  an g les and e n erg ie s  a re  d isp layed  and a re  added  
to  d isk  f i l e s  to  enab le s e r ie s  o f  ca lc u la tio n s  to  be p erform ed .
’ Program  HE3CALC by P e ter  Murphy 1990
’ T h is program  a llo w s u ser  to  c a lc u la te  th e  en ergy  o f  rea ctio n  
’ p rod u cts from  h eliu m 3/d eu ter iu m  re a c tio n  in th e  lab  fra m e.
’ U ser  g iv es  beam  en ergy  and lab an g le  o f  d e tec tio n  and  
’ program  produces em itted  energy.
OPEN "Eplab.prn" FOR OUTPUT AS #1 
OPEN "Angle, prn" FOR OUTPUT AS # 2  
OPEN "E41ab.prn" FOR OUTPUT AS #3  
OPEN "Thet41ab.prn" FOR OUTPUT AS #4  
OPEN "Ebeam.prn" FOR OUTPUT AS #5
10
’ S tartu p  D isp la y  
e ls
L ocate  10 ,30  
P rin t
L ocate  12,20
T h e  p ro g ra m  H E3C A LC  c a lc u la te s  th e  la b o r a to r y  e n e rg ie s  o f  th e  r e a c t io n
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P rin t "Welcome to  HE3CALC -  th e  program  th a t  answ ers"
L o ca te  14,20
P r in t "your w ild e s t  dream s about rea c tio n  ca lcu la tio n s."
L ocate  16,30
P r in t " $ $ $ $ $ $ $ $ $ $ $ $ "
20
L ocate  2 0 ,2 0  
CALL Pause
25
c is
* end o f  S ta rtu p  D isp lay
’ U ser  In p u t S ection
L o ca te  5,10: P rin t "Right, l e t ’s  do som e w ork. I’m assu m in g  w e ’re  using"  
P rin t "a H elium -3 beam  on a deuterium  n u cleu s. L e t’s  have som e starting"  
P rin t "values, p lease."
3 0
L ocate  10,20: Input "What is  th e  H elium -3 en ergy  (in MeV) ?"; Ebeam  
IF Ebeam  = 0  THEN Call R eject  
35
L o ca te  13,20: Input "And how  about th e  lab  an g le  (in  deg) ?"; Angle 
IF A ngle = 180 THEN Call Awkward  
pi = 3.14159
T h eta lab  = Angle * pi /  180
’ end o f  U ser  Input Section
m assp  = 9 3 8 .2 8  
m a ssd  = 1875.63  
m a ss3  = 2808 .413  
m a ss4  = 3727.41
m assd 3 = m assd  + m ass3
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m assp4  =  m assp  + m ass4
’ V ariab le  G en era tio n
V3 = ( 2  * Ebeam /  m ass3  ) ~0.5
Vcm = V3 * ( m ass3  /  m assd3 )
E3cm  = 0 .5  * m ass3  * ( m assd  * V3 /  m assd3 ) "2 
Edcm = 0 .5  * m assd  * ( m ass3  * V3 /  m assd3 ) A2
Q = m assd3 -  m assp4
K = Q + E3cm  + Edcm
’ E n erg ies  in cen tre  o f  m ass fram e
Epcm = K * ( m ass4  /  m assp4 )
E4cm  = K * ( m assp  /  m assp4 )
’ V e lo c it ie s  in cen tre  o f  m ass fram e
Vpcm = ( 2  * Epcm /  m assp  ) ~ 0 .5  
V4cm  = ( 2 * E4cm /  m ass4  ) A 0 .5
P rin t "Vcm = "; Vcm; "Vpcm = Vpcm; "V4cm = "; V4cm  
’ Call Pause
’ C alcu la tion  o f  c .o f .m . angle  from  lab angle
’ T hetacm  =  Invsin ( Vcm * sin (T heta lab) /  Vpcm ) + T h eta lab  
' TURBOB d oesn ’t  have an Invsin fu n ctio n , so  use  
’ Invsin su b rou tin e to  do ca lc .
T hetacm  = Vcm * sin (T heta lab) /  Vpcm 
P rin t "Thetacm l = T hetacm  
’ C all Pause
T hetacm  = A T N (T hetacm /(l-T hetacm ''2)"0.5)
P rin t "Thetacm 2 = Thetacm  
’ C all P ause
T hetacm  = T hetacm  + T hetalab
175
P r in t "Thetacm 3 = T hetacm  
C all P ause
* F i n a l  lab  v e lo c it ie s
V pcos = ( Vpcm * co s  ( T hetacm  ) + Vcm ) "2
V psin = ( Vpcm * s in  ( T hetacm  )) " 2
Vp = ( Vpcos + Vpsin ) " 0 .5
Eplab = 0 .5  * m assp  * Vp"2
T h et4cm  = pi -  T hetacm
* P r in t "proton c .m . an g le  = " ; th etacm  *180 /  pi 
P rin t "alpha c .o f .m . an g le  = " ; th et4cm  * 180 /  pi 
C all P ause
’ C o sin e  R ule to  g e t  V4, alpha v e lo c ity  in lab.
shunt = V4cm"2 + Vcm"2 -  (2  * Vcm * V4cm * cos( pi -  T het4cm  ))
V4 = shunt " 0 . 5
P rin t "V4 = "; V4 
C all P ause
E41ab = 0 .5  * m ass4  * V4"2
’ Sine R ule to  g e t  Thet41ab, alpha an g le  in lab.
Thet41ab = ( V4cm * sin ( Thet4cm  ) /  V4 )
P rin t "V4cm = V4cm; "V4 = V4 
P rin t "Thet41ab = "; Thet41ab  
C all P ause
IF 0 .9 9 9 9 9 9  < Thet41ab < 1 .00001 then  fLOAT = 1 
IF FLOAT = 1 THEN GOTO 40
Thet41ab = A T N (T het41ab/(l-T het41ab"2)"0.5)
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4 0  i f  fL O A T  =  1 T H E N  T h e t la b  =  P I /2
’ To d eterm in e  Alpha la b -a n g le  m ust go v ia  tan gen t as  
’ th is  p r e s e r v e s  s ign .
V 4cos =  V4cm  * cos(T h et4cm ) + Vcm  
V 4sin  = V4cm  * sin (T het4cm )
Thet41ab =  ATN ( V 4sin  /  V 4cos )
Thet41ab = ( Thet41ab ~2 ) fl) .5
IF V 4sin>0 AND V 4cos<0 THEN Thet41ab = p i -  Thet41ab  
Thet41ab = T h et41ab*180/p i
’T here is  a  problem  w ith  ATN only  g iv in g  values b etw een  -4 5  and 45 d eg rees  
’A w ay  m u st found  round th is  to  g e t  c o rrec t spread  o f  Thet41ab
’ R e s u lts  D isp lay
e ls
L ocate  10,10
P rin t "Angle =  "; A ngle ; "Energy = " ; Ebeam  
P rin t
P rin t "Proton en ergy  = " ; Eplab
P rin t "Alpha en ergy  = " ; E41ab
P rin t "Alpha an g le  = " ; Thet41ab
’D ata  T idying  R outine b e fo r e  s to r e
Eplab =  INT(Eplab*1000)
E41ab = INT(E41ab*1000)
P rin t Ebeam; Eplab; Angle; E41ab; Thet41ab  
’ C all P ause  
PRINT #1, Eplab  
PRINT # 2 , A ngle  
PRINT # 3 , E41ab 
PRINT #4 , Thet41ab  
PRINT #5 , Ebeam
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P rin t
Input"Another ca lcu la tio n  perchance ? "; ans$
I f  a n s$  = "Y" OR a n s$  = "y" THEN GOTO 25
P rin t "Thank you fo r  a v a ilin g  y o u r se lf  o f  He3Calc."
P rin t " H ave a n ice  day."
CLOSE
End
SUB P ause
P rin t "Press any key to  continue"  
inC har$ = ""
DO WHILE LEN( inChar$) =  0  
inC har$ = INKEY$
LOOP
END SUB
SUB R ejec t
Print"Look, P al. I f  th e  H elium  is  stan d in g  s t i l l ,  how  do you" 
P rin t" exp ect i t  to  rea ch  th e  deuterium , eh? T ry again."
Call Pause  
Goto 25
END SUB
SUB Awkward
P rin t "Woah! The d e te c to r  w ill  be b locking th e  beam! T ry again."  
GOTO 35
END SUB
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A p p e n d ix  B : A  s o lu t io n  o f  F ic k ’ s s e c o n d  la w .
In one dim ension  F ick’s  secon d  la w  can  be w r itte n  as
dC
dt
w h ere C is  th e  con cen tra tio n  o f  a  d if fu s in g  su b stan ce, D is  th e  d iffu s io n  
c o e f f ic ie n t , t  is  tim e and x  is  th e  depth  in  th e  d irectio n  o f  d iffu s io n .
A ssum ing a co n sta n t va lue fo r  D, a  g en era l so lu tion  o f  th is  d iffu s io n  
equation  can be obtained:
w h ere A is  an a rb itra ry  co n sta n t. The to ta l am ount o f  d iffu s in g  
su b sta n ce , M, is  g iven  by
_+00
M C dx (B.2)
—00
such th a t
M = 2AD1/Z e"^ d0  = 2A(tcD) 1/2 (B .3)
-oo
fo r  th e  su b stitu tio n  0'2 x 2/4 D t .
From  eq u ation  B .3, eq u ation  B .l becom es
(B .4 )
2 ( ? t D t ) I / 2
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I f  th e  d i f f u s a n t  i n i t i a l l y  o ccu p ies  a f i n i t e  re g io n  such  th a t
x  < 0  : C = Cc
x  > 0  : C = 0
t  = 0
30 x = 0
s o u r c e  = C 50  o
F igure B .l: In itia l p en etran t d istr ib u tion .
At a  tim e  t ,  th e  con cen tra tio n  a t p o in t P due to  th e  shaded elem en t is
C(P) =
C d 0  e o
- 0  /4 D t (B.5)
2 ( ir D t)1/2
The con cen tra tio n  due to  th e  to ta l  in it ia l d istr ib u tio n  is  found by 
sum m ing over a ll th e  e lem en ts  <50,
C (x ,t) =
C d 0  o
2 ( ir D t) 1/2
,+oo
- 0  /4 D t  , , e r d0 (B.6)
w hich , upon su b stitu tin g n = 0 /2 (D t )1/2,
becom es C (x ,t) 1/2n
+00 2
e n dn
x /k
1/2w h ere k = 2(D t)
(B.7)
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In  th e  case  o f  l im i te d  i n i t i a l  p e n e tra n t  d is t r ib u t io n  o f  th e  f o r m
X < -h C = 0
h < x < +h C = C
X > +h C = 0
th e  lim its  o f  th e  in teg ra l B .6 becom e x - h  and x+h, g iv in g
x + h
C (x ,t) =
C d <p o
_x+h
2 ( ir D t ) 1/2
-<p /4D t . . e d(p
x -h 7r
1 / 2
e"nZdn
x - h
The erro r  fu n ction  is  d efin ed  a s
e r f(z )  =
n1/2 0
e'^dn
and h as th e  property
e r f ( - z )  = - e r f ( z )  
E quation B .8  can th e r e fo r e  be r e -w r it te n
x+h
C (x ,t)
Vn
N d n
x - h  
 ^ k 2- n  , e dn
0 Vn 0
f f \ 1 >
i .  q < e r f h - x + e r f h + x2  o
V D t J 2 / D t j 4
(B.8)
(B.9)
(B.10)
(B.l l)
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A p p e n d ix  C : L i s t  o f  C h e m ic a ls
The m on od isp erse p o ly sty ren es  w e r e  p u rch ased  fro m  th e  P ressu re  C hem ical 
Company, P ittsb u rgh , PA ., U .S.A . and w ere  o f  seven  m olecu lar w e ig h ts  
ranging  fro m  9 0 ,0 0 0  to  1 ,8 0 0 ,0 0 0 .
The so lv e n ts  u sed  w e r e  m eth an ol, to lu en e  and 1,2 d ich loroeth an e (DCE). All 
th ree  w ere  g en era l purpose r e a g e n ts  (GPR) ob ta in ed  in 2 .5  l itr e  
W inchesters fro m  BDH C hem icals L td, P oo le , England.
A cetic  anhydride and 98% su lp h u ric  ac id  (GPR) w ere  purchased from  BDH.
A n alytica l r ea g en t stan d ard  sodium  h yd rox id e p e lle ts  w ere  purchased from  
May & Baker L td, D agenham , England.
B en zen e-d  , benzene and e th y l alum inium  d ich lorid e (EAD) w ere ob ta in ed  6
fro m  th e  A ldrich  C hem ical Company L td, G illingham , England. The EAD w a s a
1.0 M so lu tio n  in h exan e, s to r e d  under n itro g en .
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